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ABSTRACT 

Increasing deep-hole drilling rig costs are motivating 
efforts to increase rates of penetration (ROP), particularly 
as ever deeper holes are needed to locate new geothermal 
and fossil energy supplies. A feasibility study has shown 
that the CAVIJET cavitating fluid jet method should be 
capable of successfully augmenting the cutting action of 
mechanical bits under deep-hole conditions. Increased rock 
cutting rates by existing cavitating jet nozzles can be 
anticipated with conventional rig pressures for hole depths 
of at least 1,200 rn (4,000 ft) and possibly deeper. Improved 
ROP’s, based on preliminary laboratory roller bit tests, 
should be achieved by simply substituting CAVIJET nozzles 
absorbing equivalent hydraulic power for conventional roller 
bit nozzles. 

*Work performed under Sandia National Laboratories Contract 
. No. 07-7067 for the U . S .  Department of Energy, Division of 

Geothermal Energy. 
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'W FOREWORD 

The study described in this report was conducted by HYDRO- 

NAUTICS, Incorporated, Howard County, Laurel, Maryland. Portions 

. of the experimental program were conducted under subcontracts, 

within the Drilling Research Laboratory (DRL) at Terra Tek, Inc., 

Salt Lake City, Utah; and in the laboratory of Professor 
1 

Albert T. Ellis, University of California, La Jolla, California. 

This program was supported by the U.S. Department of Energy, 

Division of Geothermal Energy, under Sandia National Laboratories 

Contract No. 07-7067; and-portions of the costs were shared by 

NL/Hycalog, Houston, Texas. Specific contributions from 

NL/Hycalog included the CAVIJET@ cavitating fluid jet nozzles 

and the roller bits used in these tests, as well as a portion 

of the DRL rental. 
8 The CAVIJET cavitating fluid jet technology used in this 

program has been patented by HYDRONAUTICS, Incorporated* and is 

currently being developed for a variety of commercial applications. 

I Technical direction was provided by Sandia National Laboratories 

Division 4751, with Mr. D. A. Glowka as the Technical Project 

Officer. 
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* U.S. Patent Nos. 3,528,704; 3,713,699; and 3,807,632. Other 
U.S. and Foreign patents are pending or have been granted. 
CAVIJET is a registered trademark of HYDRONAUTICS, Incorporated. 
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SUMMARY 

A feasibility study has been completed, which had the objec- 
tive of evaluating whether the cavitation erosion caused by sub- 
merged cavitating jets could be effective in either cutting or 
weakening rocks so that increased rates of penetration might be 
achieved by rotary mechanical bits. The ultimate objective of 
this program, dependent on successful results from the feasibility 
phase discussed in this report, is the development of new deep- 
hole drilling bits which would incorporate CAVIJET nozzles (nozzles 
designed to enhance the cavitation erosion potential of the jet), 
using drilling mud as the working fluid, to augment the mechanical 
cutting action of the bit. 

Specific questions related to the performance of submerged 
cavitating jets were answered in this study, which demonstrated 
that CAVIJET nozzles have the potential for augmenting the per- 
formance of either roller or diamond bits, The approach used to 
gain these answers was experimental, combining observations from 
rock cutting tests with single nozzles, preliminary laboratory 
drilling tests using roller bits to examine the effect on pene- 
tration rates of replacing the conventional bit nozzles with 
CAVIJET nozzles, and flow studies of submerged cavitating nozzles 
that provided initial insights into some of the basic fluid dy- 
namic mechanisms involved in this process. 

These experiments yielded a number of empirical relationships 
which showed how the cutting action of various nozzles is affected 
by pressure drop across the nozzle, Ap, ambient pressure, pa, and 
the velocity of translation of the jet across the surface of the 
rock,v. Tests on limestone, sandstone, and granite indicated 
the influence of rock properties on this erosive process, 

13 



Some of the specific aspects of this study which served to 
answer 
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these feasibility questions are: 

Effect of nozzle design: Single nozzle tests confirmed 
that submerged jets are more erosive when they cavitate 
and that jets from CAVIJET nozzles designed to increase 
the degree of cavitation are more erosive than jets is- 
suing from conventional nozzles. 

Effect of drilling mud: 
that no adverse influence on CAVIJET nozzle rock cutting 
was seen when muds having densities up to 1.4 gm/cm3 
(12 lb/gal) were substituted for water; in fact the use 
of mud increased the erosivity of the jet cutting. 

Effect of nozzle pressure drop (Ap): Single nozzle tests 
revealed that the cutting rates of cavitating jets vary 
approximately as the cube of the nozzle pressure drop 
over the entire range of cavitation numbers tested. 

Effect of ambient pressure (pa): - 
pressure is characterized for all values of Ap by the 
cavitation number, a = pa/Ap. 
vealed that the cutting rate for all nozzles tested in- 
creased substantially from noncavitating conditions 
(a 
0 = 0 . 4 ,  and then decreasing with further reduction in 
the cavitation number. Thus for pump pressures of 13.8 KPa 
(2000 ?si), cavitation will substantially increase the cut- 
ting rate of the nozzles tested at hole depths less than 
about 1220 m (4000 ft). This maximum depth is directly pro- 
portional to the pressure drop(2440 m (8000 ft)for Ap = 

27.6 W a  (4000 psi))and can be further increased for a given 
pressure drop by improving the nozzle design so as to further 
stimulate cavitation. 

Single nozzle tests revealed 

The effect of ambient 

Single nozzle tests re- 

1 to 2) to a maximum occurring at approximately - 

i 
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Effect of nozzle design on roller bit cutting rates: 
Tests were conducted on two roller bits under simulated 
downhole conditions with conventional nozzles and with 
CAVIJET nozzles. 
nozzles o f  the same diameter rather than nozzles of 
equivalent discharge a directrcomparison is not possible. 
However, the results indicate that if CAVIJET nozzles 
are sized to give equivalent discharges when substituted 
for conventional nozzles, a modest improvement in drilling 
rate should result. If future studies evolve nozzle.de- 
signs which further enhance cavitation then these nozzles 
should further increase the drilling rate when substi- 
tuted for conventional nozzles, 

Since these tests were conducted using 

The experimental observations made during this phase, and the 
empirical relationships derived from these results, were sufficient 
to successfully answer the feasibility questions, However, to 
achieve maximum gains during any future optimization efforts, 
basic understanding of the mechanisms contributing to these ex- 
perimental relations should be sought. 
to this optimization is a continuation of the examination of para- 
meters which affect the erosive process, both with respect to 
nozzle designs and the jet-to-rock interaction. Specific objec- 
tives include seeking ways to increase the. point of cavitation 
inception, and hence the effective depth for cavitation erosion, 
and how to best utilize the available hydraulic power to weaken 
the rock for improving the cutting action of both roller and 
diamond bit types. 

Thus, of primary importance 

\ 
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I. INTRODUCTION w 
A.  Background 

His tor ica l ly ,  improved control  of the  f l u i d  dynamics of t he  
d r i l l i n g  mud has consis tent ly  contributed t o  increased perform- 
ance of o i l  wel l  d r i l l  b i t s .  
posed by Maurer (1) f o r  r o l l e r  b i t s  emphasized t h e  importance of 

performance of diamond d r i l l  b i t s  a l s o  depends on s u i t a b l e  f l u i d  
flow t o  clean the  b i t  fac'e e f f i c i e n t l y .  

- 

I hydraulic chip removal f o r  maximizing the  d r i l l i n g  ra te .  The 

The per fec t  cleaning theory pro- 
e 

Nozzles w e r e  f i r s t  t e s t ed  i n  r o l l e r  b i t s  i n  1949. By 1955 
the  use of nozzles t o  d i r ec t  the flow of t he  d r i l l i n g  mud w a s  a 
standard f ea tu re  i n  r o l l e r  b i t  design. 
a marked increase i n  r o l l e r  b i t  penetrat ion rates. 

As a r e s u l t ,  there  w a s  
I n  recent  

years ,  extended nozzles i n  r o l l e r  b i t s  have created more e f f i c i e n t  
use of ava i lab le  hydraulic horsepower. 
formatio.ns have been'increased by up t o  25 percent over the  rates 
f o r  s imilar  b i t s  without nozzles.  

Dr i l l i ng  rates i n  weak 

Diamond d r i l l  b i t s  with j e t  nozzles have been t e s t ed  experi-  
The advent of t he  General E l e c t r i c  mentally s ince  the mid 1950s. 

Stratapax d r i l l  blank has l ed  t o  the  development of new b i t  de- 
s igns which incorporate  nozzles t o  clean cu t t ings  from the b i t  
face. More e f f i c i e n t  use of hydraul ic  energy a t  the  b i t  face has 
consis tent ly  r e su l t ed  i n  major improvements i n  d r i l l  b i t  perform- 

7 ance (2) .  

The use of f l u i d  j e t s  t o  augment the cu t t i ng  ac t ion  of vari-  
ous mechanical devices f o r  d r i l l i n g ,  tunneling, and mining appl i -  
cat ions i s  now being ac t ive ly  s tudied by inves t iga tors  through- 
out the world (3 ,4 ,5 ,6) .  The reason f o r  t h i s  wide i n t e r e s t  i n  
the exploi ta t ion of j e t s  is the  inherent power del ivery advantage 
over a purely mechanical device. As described by Maurer (2) and 
Bobo (7), because of mater ia l  s t rength l imi t a t ions ,  a typ ica l  

F 

17 



rotary drill (20 cm dia.) can deliver only about 19 to 75 kw (25 
to 100 hp) to the rock. 
is governed only by practical questions of system costs and the 
pressure limits on key components for any particular application. 
Thus, water jets up to 414 MPa (60,000 psi) are now being op- 
erated in many commercial installations (3,4,5,6), 

The power deliverable via a fluid jet 

Drilling tests with fluid (water, drilling mud) jets, either 
alone or in conjunction with roller or diamond cutting surface's 
(8,9,10) have proven that, at sufficiently high pump pressures, 
dramatic increases in drilling rates can be achieved, For in- 
stance, Maurer (8) and Pols (9), each using high-pressure con- 
ventional fluid jets to assist the action of mechanical bits, 
were able to drill two to three times faster than the rates 
achieved by ordinary bits in the same formations, 
these tests have, however, typically been in the range of 69 MPa 
to 103 MPa (10,000 to 15,000 psi), Thus, the pressures which 
have been used in these conventional jet drilling studies are 
well above the currently available mud pump pressures on rigs 
now in operation, These are typically 14 to 21 MPa (2,000 to 
3,000 psi), with a few off-shore rigs using up to 31 MPa (4,500 
psi). Reliable and safe pumps and supporting components could 
readily be introduced to provide pressures up to 52 MPa (7,500 
psi) at many rigs, if sufficient increases in the rate of penetra- 
tion could be demonstrated. 

Pressures in 

In a preliminary feasibility study (11) the possibility of 
using CAVIJET cavitating fluid jet nozzles for rock cutting 
under elevated ambient conditions was examined. 
water as the working fluid, demonstrated that the erosive action 
of a 6.4 mm (0.25 in.) CAVIJET nozzle continued to be observed 
up to ambient pressures of 20.7 MPa (3,000- psi) In comparative 

These tests, with 

CJ 
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t e s t s  with a "Leach & Walker" nozzle (12), the CAVIJET 
showed a higher volume removal efficiency under elevated ambient. 
pressures. Specimens of Berea sandstone and Indiana limestone 
bere used, with pressure drops across the nozzles ranging from 
6 . 9  tb 17.2 MPa (1,000 to 2,500 psi). The success of this pre- 
liminary study provided the basis for this first phase of a new 
program, which is described in this report. 

nozzle 

The CAVIJET cavitating fluid jet technology (see Chapter 
11), is being successfully developed for a variety of commercial 
cleaning and cutting applications. 
marine fouling (13,14), cutting coal (15,16), cleaning explosives 
and propellants from munitions (17,18), and rock cutting (19,20). 
However, in all of these applications the working fluid was water 
and the ambient pressure surrounding the jet was essentially 
atmospheric. 

These include removal of 

Thus, this study of the feasibility of using the CAVIJET 
cavitating jet technology to augment the drilling action of deep- 
hole geothermal drill bits, so as to increase the rates of pene- 
tration, was initiated to answer the following questions: 

a. Will there be sufficient erosion by cavitation from CAVIJET 
nozzles, when operated under the elevated ambient pressures 
down-hole, to increase mechanical drill bit penetration 
rates? 

What is the effect of substituting drilling mud for the 
ordinary water which has been the working fluid for all 
previous CAVIJET cavitating jet operatio 

/ b. 

e. How can the CAVIJET nozzles be introduced into drill bits, 
so as to effectively augment the mechanical cutting action, 
and also satisfy the requirements for bit cooling and chip 
remova 13 



This report summarizes the first phase of a program, which 
has been planned to include a systematic series of laboratory and , 

L J  

field trials, to provide answers to these questions. 

B. The Cavitation Number 

The dimensionless number which has been developed'to describe 
cavitation phenomena is known as the cavitation number, u. This 
parameter usually has the form: 

where : 
is Pa 
is 

is 
vo 

PV 

the local value of. ambient pressure, 

a characteristic velocity of the fluid, 

the vapor pressure of the fluid, and 

the density of the fluid. 

For the purposes of this study of submerged cavitating jets, 
where pa i s  much larger than pv; and Ap, the pressure drop across 
the nozzle closely approximates 3p vo2,(where vo is the jet exit vel- 
ocity),we will define and hereafter use the following definition for 
the Cavitation number: 

C. Outline of the Program 

improved deep-hale drilling bits, suitable for geothermal energy 
acquisition, which incorporate the CAVIJET 
jet technology. The program has been divided into three phases, 
having the following objectives: 

The ultimate objective of this program is the development of 

cavitating fluid 

20 



PHASE I - Feasibility 
Objective: To dete ne the effect of drilling mud, at elevated 

ambient pressures, on the’ rock cutting performance 
of existing CAVIJET nozzle designs. This initial 
effort is focused 
available mud pump pressures, namely below 52 MPa 
(7,500 psi). 

on the use of existing or readily 
7 

PHASE 11 - Optimization 
Objective: To develop optimum design and operating parameters 

for deep-h,ole mechanical drill bits which are augmented 
by improved CAVIJET nozzle ‘configurations. If 
warranted to provide increased rates of penetration 
in very hard formations, then pressures above 52 MPa 
(7,500 psi). may be considered. 

PHASE 111 - Field Trials 
Objective: To validate and improve the design and operating 

parameters by testing bits under actual operating 
field conditions. 

D. Scope of This Report 

21 



Laboratory, which permited a wide range of both ambient and nozzle 
pressures, but wherein slot cutting tests could not practically 
be made; Chapter IV - Tests at HYDRONAUTICS, which were conducted 
within a new pressure cell that was developed for this program, 
t o  allow both stationary and slot cutting studies of an individual 
CAVIJET nozzle - to provide results to supplement the DRL tests, 
and allow development of scaling relationships for all relevant 
parameters; Chapter V - Flow visualization studies of submerged 
nozzles at the University of California at San Diego - the first 
high speed photography and cavitation inception studies of a 
CAVIJET nozzle; and Chapter VI - Preliminary roller b i t  tests 
at DRL, using a two cone bit, to compare the penetration rates 
with either CAVIJET or conventional nozzles. 

I 

Chapter VI1 presents a general discussion of the results, 
describing how the various types of test results can be related, 
and how these results demonstrate the feasibility of deep-hole 
rock cutting by CAVIJET cavitating jets. Conclusions and re- 
commendations are listed in Chapter VIII. 
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11, THE CAVIJET CAVITATING FLUID JET TECHNOLOGY 

A. The CAVIJET Cavitating Fluid Jet Concept 

The CAVIJET is a turbulent jet in which vapor and gas cavities 
are deliberately stimulated to enhance the erosive action of a rel- 
atively low velocity liquid jet, Thus , although the destructive 
action of cavitation is well known, often to the despair of de- 
signers and users of pumps, propellers, and other hydraulic compo- 
nents, CAVIJET is one of the few useful applications of this phe- 
nomenon. In contrast to noncavitating jets, the cutting or drilling 
is achieved by the energy from collapsing cavitation bubbles, 
pressure from these imploding bubbles is extremely high, and is fo- 
cused at many small areas on the eroding surface. 

w 

s 

i' 

The 

In materials such as rocks, which are prone to Cracking, the 
extremely localized pressure amplifications from cavitation cause 
rapid fracturing which greatly enhances the erosive mechanisms, 
is this process of amplifying the'local pressure, and focusing the 
energy delivered to the rock surface, which provides the CAVIJET 
with a basic advantage over jets discharging from nozzles not designed 
to maximize cavitation erosion when operating at the same pump pres- 

It 

5 

i 

sure and flow rate. 

Although CAVIJET nozzle designs are proprietary, some typical 
The objective configurations are shown schematically in Figure 1. 

of these designs is to maximize the pressure reduction at the center 
of vortices created within the jet or on its periphery and hence 
induce the growth of vapor or gas,cavities in the fluid, 
specific applications (drilling, cutting, or cleaning) each require 
nozzles tailored to the particular material and operating mode: we 
generally find that the centerbody configuration is best for in-air 

While 

situations. For operation on submerged surfaces, as in deep-hole 
drillinglor underwater removal of fouling from ship hulls, either 
the turning vane or "plain" (without vanes or centerbody) CAVIJET 
nozzle designs usually provide better results, namely, greater 
volume removal and area cleaning rates, 

23 
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Further details about both the CAVIJET concept and the 
6$ laboratory test and evaluation facility used for the atmospheric 

pressure flow calibrations discussed in the next section may be 
found in References 13 through 22. 

B. The CAVIJET Cavitating Fluid Jet Test Facility 

An experimental facility was designed and built at HYDRONAUTICS, 
Incorporated for studying and developing practical devices which 
utilize the cavitating fluid jet principle. This facility, shown 
schematically in Figure 2,was used during this program to cali- 
brate the flow of the various nozzles which were tested both at 
HYDRONAUTICS and at the Terra Tek Drilling Research Laboratory. 
The four-nozzle tool, described in Chapter 111, was mounted within 
the test chamber as seen in Figure 2 for these flow calibrations. 
By plugging the other three openings in the four-nozzle tool, 
one nozzle at a time could be flow calibrated. The chamber con- 
tains a fluid level indicator so that, over timed- intervals, the 
flow through a nozzle at a given nozzle pressure drop can be 
accurately determined. 

i 

z 

For the elevated ambient pressure rock cutting tests des- 
cribed in Chapter- IV, the facility seen in Figure 2 was completely 
modified. 
to utilize drilling mud as the working fluid instead of water. 
A schematic drawing indicating these facility modifications is 
shown in Figure 3. 
have been removed from the circuit. The mud makeup tank and re- 
servoir, with capacity 950 1 (250 gal), was a rectangular fiber- 
glass tank. 

Gear Corporation, which was also used to provide constant agitation 

These modifications were necessary in order to beLable 

It is'seen that a11 filters and heat exchangers 

' 
The mud in the tank was stirred with a 0.75 kw (1 hp) - 

* two-bladed mixer, Model No. G-11, purchased from the Philadelphia 



I 

JACUZZI 
SAND PUMP: 

MAIN BY-PASS VALVE 
PRESSURE RELIEF 

TRIPLEX PISTON PUMP: 

TEST CHAMBER 

RETURN 
LINE 

HYDRAULIC 
PUMP: 
1.3 us, 0.69 MPo 
(20gpm, 1oOFxi)  

FLUID 

FIGURE z - SCHEMATIC OF CAVIJETQ CAVITATING WATER JET TEST FACILITY I 

\ 

c % 4 4 h c 



RETURN HOSE 
TO RESERVOIR 

15.2 cm ( 6  in.) 
CUBE ROCK, 

950 R (250 gal) 

BOOSTER PUMP 
1.1 k w  (1 .5  hp) - 

- 

FIGURE 3 - CAVlJET@ CAVITATING FLUID JET FACILITY WITH 
ELEVATED AMBIENT PRESSURE AND MUD TESTING 
MOD I FI CAT IONS 



of t h e  mud throughout t h e  t e s t ing .  
t r i p l e x  pis ton pump was used for t h e  rock cu t t i ng  tests with mud. 
A new.booster pump and bypass valve w e r e  added t o  t h e  system. 
The bypass valve had a replaceable s t e l l i t e  valve d isk  which 
experienced considerable wear during our tests. 

The ex i s t ing  cqrdner-Denver 
kc' 

The high pressure test c e l l  w a s  spec ia l ly  f ab r i ca t ed  f o r  

CAVIJET cavi ta t ing  f l u i d  j e t  technology. A drawing of t h i s  new 
c e l l  is shown'in Figure 4 and photographs are seen i n  Figure 5. 
The cube-shaped rock spe'cimens, 15.2 cm (6 i n . )  on a s i d e ,  w e r e  
clamped i n t o  a square holder ,  and then mounted on a tu rn t ab le .  
The specimens could be ro t a t ed  a t  any desired ra te  from 0 t o  66 
rpm by means of a gear box driven by an i n f i n i t e l y  va r i ab le  
motor. 
which was bolted t o  t h e  main chamber and sealed with an O-ring. 
A chain ho i s t  w a s  u t i l i z e d  t o  l i f t  t h e  l i d  f r e e  and by including 
a 3.7 13 ( 1 2  f t )  length of f l e x i b l e  hose i n  t h e  input l i n e  it 
w a s  therefore unnecessary t o  unfasten any.high pressure f i t t i n g s  
when removing the  l i d .  

these s tudies  of the  elevated ambient pressure performance of t h e  5 

4 

The-flow i n t o  the  chamber entered through a removable l i d  

The ambient pressure within t h e  c e l l  was cont ro l led  by a 
"choke", a valve which used a "floating" double-ended p is ton  with 
an area- ra t io  of 6 .25: l  t o  r egu la t e  t h e  pressure drop. 
end of the  pis ton was exposed t o  the  mud flow, and ni t rogen gas 
pressure on the  l a rge r  end was then adjusted u n t i l  the  desired 
valve opening, and hence pressure drop, w a s  achieved. Due t o  
t h e  f loa t ing  ac t ion  of t he  double-ended p is ton ,  rock p a r t i c l e s  
could escape without i n f l i c t i n g  damage o r  jamming the  valve open. 
A l l  components within the  choke which might experience high 
ve loc i ty  mud flow were fabr ica ted  from s in t e red  carbide. 
choke'performed very well  throughout t h e  e n t i r e  t e s t i n g  period. 

The smaller 

This 
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FIGURE 5b - CLOSE UP OF PRESSURE CELL: Showing 
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the ambient pressure in the cell 
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The r a t ed  pressure capacity of the  ce l l  i s  20.7 MPa 
(3,000 p s i ) .  It w a s  fabr icated from Schedule 80 steel  pressure 
f i t t i n g s .  The standoff dis tance f o r  the nozzle could be varied 
by s l id ing  the  input pipe v e r t i c a l l y  and clamping it  i n t o  place 
a t  the  desired se t t i ng .  
"shutter-plate", operated by a handle which extended thru  the  l i d .  
A segment of s in te red  carbide w a s  soldered t o  the p l a t e  t o  resist 
erosion. The p l a t e  was kept i n  place between the  j e t  and the rock 
surface u n t i l  a l l  pressures were set. 
t o  move the  p l a t e  out  of the way f o r  the de'sired duration of the  
tes t .  

The test duration w a s  control led by a 
I 

The handle w a s  then actuated 

The outflow from the pressure ce l l  was  recirculated direct ly ,  
back t o  the  mud reservoir .  Any rock chips entrained i n  the  mud 
flow apparently were able  t o  s e t t l e  t o  the bottom of 
s ince no chip d i f f i c u l t i e s  w e r e  encountered i n  reci  
mud back through the  main t r i p l e x  pump. 
hp) T e e 1  centr i fugal  booster pump, which provided the  input head 
t o  the main pump w a s  found, due t o  overheating, t o  be too s m a l l  
f o r  i t s  task.  Forced a i r  cooling from fans provided a temporary 
solut ion tha t  was adequate during the  b r i e f  running t i m e s  required 

However, t he  1.1 kw (1.5 

f o r  t h i s  p a r t  of the  study. 
fu ture ,  then t h i s  pump should be replaced. 

If longer runs are needed i n  the 



111. STATIONARY NOZZLE CUTTING TESTS AT DRL 
b) 

A .  The Wellbore Simulator 

The elevated ambient p e testing described in this chap- 
ter was conducted within the wellbore simulator facility at the 
Drilling Research Laboratory (DRL) in Salt Lake City, Utah. With- 

9 in this facility most of the stresses, pressures, and temperatures 
experienced by -- in situ rock formations can be simulated, 
elude confining-and overburden pressures as well as the ambient or 
"downhole" pressure. 
at DRL is a converted, 58 cm (23 in.) di 6.1 m (20 ft) long 
gun barrel with a removable cap .and suitab ow controls to pro- 
vide the desired values of pressure across nozzles and inside 
the chsmber. The ambient pressure withi amber is controlled 
with a "choke" that is remotely actuated tle the outflow 
from the chamber. The pressure into the er is supplied by a 
triplex mud pump capable of providing flows up to 22.7 l/s (360 
gpm) at pressures up to 37.9 MPa (5,500 psi), This pump is driven 
by two variable-speed electric motors, each rated for 670 kw (900 
hp), which provide control of the flow into the test chamber, 

The test specimens Mere 91.4 cm (36 in;) long with an outside 

. 
These in- 

The test chamber for the wellbore simulator 

diameter of 3 9 . 4  cm (15.5 in,). The confining pressure, imposed on 
the cylindrical surface of these rock specimens, was applied by 
pressurizing an inert fluid that surrounded the specimen, 
burden pressure on the ro is simulated by means of a ram which 

burden and confining pres 

for fracturing of the he test. The photographs in 
Figure 6-show some of his facility. One ifnportant 
parameter not simulated during either these stationary cutting tests or 
the full-scale bit tests describe'd in Chapter VI of this report was 
the pore pressure within the rock. 

The over- 

* applies a load at the bot surface of the specimen. The over- 

i. * the principal stresses within the , thus minimizing the chance 

* 
pendently controlled to balance 

Due to practical problems 



a. OVERALL VIEW OF THE DRILLING TOWER 

b. TRIPLEX MUD PUMP: 1340 k w  (1800 hp), 
22.7 & / s  (360 gpm) at  37.9 MPa {5,500 psi) 

FIGURE 6 - THE WELLBORE SIMULATOR A T  THE DRILLING 
RESEARCH LABORATORY 
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c .  TEST SPECIMEN BEING INSERTED INTO 
THE PRESSURE CHAMBER 

. 

d. PRESSURE CAP BEING TIGHTENED ONTO 
THE CHAMBER 

w .  
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L related.to saturating the rock specimens this pressure was not 
simulated in our tests and hence was considerably lower than would 
be encountered in the actual downhole situation. Thus the chip 
hold-down conditions were felt to be more severe in these laboratory 
tests in comparison to those encountered in the field. 

All of the test parameters were remotely controlled, and 
recorded by means of a strip chart, an X-Y plotter, and an on- 
line computer. For these stationary rock cutting tests, the para- 
meters were: mud flow rate, swivel pressure, ambient pressure, 
mud temperature, confining pressure, overburden pressure, and the 
time duration of each run. The pressure drop across the nozzles, 
Ap, was derived using: 

- C31 Ap = Pswivel ambient 

B. Test Configuration and Procedures 

A unique test configuration was created to allow maximum 
data acquisition from each rock specimen, since only one of these 
tests could be run during an eight-hour shift. The set up, as 
shown schematically in Figure 7, allowed simultaneous testing of 
four different nozzles, with the ability to set each nozzle at an 
independent standoff distance (distance from the nozzle face to 
the rock). 
seen in Figures 8a and 8b. 
by NL/Hycalog in consultation with HYDRONAUTICS and.the staff .at 
DRL, was threaded onto a standard segment of drill pipe. The 
drill rig at DRL was modified for our tests by affixing an index- 
ing mechanism to the drill e. This pneumati lly-actuated 
device, which was controlle tely, allowed e drill pipe t o  

be indexed to any one of 24 ly spaced circumferential locations. 
The purpose for this index 1 become evident as we describe 

This was accomplished by means of the special tool 
This tool, designed and fabricated 

4 
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FIGURE 7 - CONFIGURATION FOR STATIONARY-NOZZLE TESTS 
A T  D.R.L. 



FIGURE 8a - DRAWiNC OF THE FOUR-.NOZZLE TOOL: used for 
stationary-nozzle testing at  D. R . L. 
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- THE FOUR-NOZZLE TOOL: 

nozzle rock cutting at D.R.L., after a test 

39 



the  test specimen. 

The specimens f o r  a l l  of our DRL tests had t h e  standard 
outside dimension iven i n  the previous s 
s ta t ionary  
25.1 cm (9.88 i n . )  diamet 
i n  the center of the  specimen w a s  76.2 
Figure 9a). Within t h i s  prebored hole  t 

sleeve was inser ted  t o  f i  l y  aga ins t  
surface of t he  rock.* The e (see Figure 9b) had a t o t a l  of 
36 s l o t s  arranged i n  three t i e r s  each having 12  s l o t s  which were 
2.5 cm (1 i n . )  wide. 
3.8 cm (1.5 i n . )  wide s t r i p s  of steel ,  a l t e r n a t i n g  with the  twelve 
s l o t s .  
the  s t r i p s  of s t e e l .  When a l l  of t he  pressures 
adjusted,  the run was i n i t i a t e d  by indexing onc 
j e t s  t o  begin t o  impinge di?ectly upon t h e  rock 
completion of t he  required t i m e  f o r  t h a t  run, a 
made t o  s h i f t  the  o r i en ta t ion  of t he  t o o l  so  t h a t  t he  je ts  were 
now impinging upon the  next s t e e l  s t r i p .  With the  j e t s  again pre-  
vented f r  oding the  rock, the  s e t t i n g s  f o r  t he  next run could 
be made. h i s  manner a po ten t i a l  of 144 holes (4  nozzles x 

3 t i e r s  x 1 2  s l o t s  per  t i e r )  could be perforated i n t o  each speci- 
men. Typical r e s u l t s  may be seen i n  Figures 10a and lob. 

b 

Thus a t  each t i e r  the re  were a s e r i e s  of 

The tes t  was begun with t h e  nozzles impingfng upon one of 

A l l  of the  nozzles used i n  these t e s t s  had nominal o r i f i c e  
diameters of 6 . 4  ITIIII (0.25 in.). A l i s t i n g  of the  various types 
of nozzles used i n  each t e s t  i s - g i v e n  i n  Table 1. 
CAVIJET nozzle r e f e r s  t o  the bas i c  CAVIJET nozzle body con- 
f igura t ion  without added flow-conditioning i n s e r t s .  

-3 The "plain" 

The vane 
s e t  t e s t ed  here was a preliminary concept based on u t i l i z i n g  
vor t ices  shed from the  t i p s  of wing-shaped f o i l s .  
these vanes w e r e  a f f ixed  within the  flow. The "conventional" 

Four p a i r s  of 
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2 a. PR [ECORED SPECIMEN OF INDIANA LIMESTONE 

b. SPECIMEN-READY FOR TESTING, WITH SLOTTED 
SLEEVE I N  PLACE, AND WRAPPED I N  PLASTIC 
JACKET 

FIGURE 9 - SPECIMEN FOR FOUR-NOZZLE STATIONARY 
CUTTING TESTS 
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FIGURE 10a - FOUR-NOZZLE STATIONARY CUTTING 
TEST SPECIMEN: sawed in half after 
the test 
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FlGURE 10b --CLOSE-UP OF FOUR-NOZZLE SPECIMEN: 
Indiana limestone specimen NO. 5 
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TABLE 1 

Summary of Nozzles Used i n  Stationary Cutting 
Tests at  Dr i l l ing  Research Laboratory 

Standoff distance: 1.6 cm (0.62 in . ) ,  except as noted 
Rock: Indiana limestone 
Nozzle or i f ice :  6.4 mm (0.25 in.)  (nominal) 

Specimen 
No. 

1 

2 

3 

4 

5 

6 

A 
Plain 

CAVIJET 

Plain 
CAVIJET 

Plain 
CAVIJET 

Plain 
CAVIJET 

Plain 
CAVI JET 

Plain 
CAVIJET 

Posit ion i n  F 

B 
CAVIJET with 3.2 mm 
(0.125 in.)  "con- 
ventional" cyl indri-  
c a l  centerbody 

CAVIJET with 3.2 mm 
(0.125 in . )  cyl indri-  
cal centerbody 

Leach & Walker; 
s ta in less  s teel* 

Plain CAVIJET, 
Standoff: 2.1 cm 
(0.81 in . )  

CAVIJET with 3.2 cm 
(0.125 in.)  cylin.  
centerbody 

Leach &Walker, 
carbide 

r-Nozzle Tool 

C 
CAVIJET with "tee- 
shaped" centerbody; 
shaf t  dia. :  3.2 l~llll 
(0.125 in.) 

CAVIJET with 3.2 mm 
(0.125 in.)  cylin.  
centerbody, Stand- 
of€  2.9 cm (1.12 in . )  

Plain CAVIJET, 
Standoff: 2.1 cm 
(0.81 i n . )  

CAVIJET with vane 
s e t  

Plain CAVIJET 

Smith Tool Co., 
d r  il.1 b i t  nozzle 

D 
CAVIJET with vane 
set 

CAVIJET with vane 
set 

CAVIJET with 3.2 rn 
(0.125 in.) cylin.  
centerbody 

CAVIJET with 3.2 m 
(0.125 in . )  cylin.  
centerbody 

CAVIJET with 3.2.m 
(0.125 in . )  cylin.  
cent erbody 

CAVIJET with 3.2 mm 
(0.125 in.) cylin.  
centerbody 

* A l l  nozzles, with exception of t h i s  one, were fabricated with s intered carbide. 
This nozzle was severely eroded during the  test. 

C 



centerbody CAVIJET 
a diameter of 3.2 mm (0.125 in.). Also, in Specimen No, 1 a 
"tee-shaped" centerbody was tested. 
body was not fabricated from carbide, hence it was rapidly eroded 
so that at the end of the test its geometry resembled that of the 
conventional centerbody. 
is shown in Fikure 11 (12). 
6 . 4  mm (0.25 in.) drill bit nozzle purchased from the Smith Tool 
Co, This nozzle was the same type as those used in the drill bit 
tests discussed in Chapter VI of this report. All of the nozzles 
used here, with the exception of the Smith Tool nozzle tested on 
Specimen No. 6 and the steel L&W nozzle tested on Specimen No. 3, 
were provided by NL/Hycalog under a subcontract to a sintered 
carbide component manufacturer.. 

consisted of a right circular cylinder having 
kd 

Unfortunately this center- 

The Leach & Walker (L&W) nozzle geometry 
Also tested was a standard carbide 

1 

d 

- 

The flow versus nozzle pressure librations for these 
nozzles were obtained, ing water, w 
HYDRONAUTICS with the zles inserte the four nozzle 
tool. By comparing these water calib with the total mud 
flows in these tests it was possible 
each nozzle. The hydr red by eaah nozzle 
during the stationary 
using : 

ng tests could then be calculated by 

C4l 

where : 
k = I, for Ap in 

2 Q in l/s 
(k = 5.834 x loo4, for 

T 

The ambient pressures, p i n  the DRL tests were varied from 
about 0 . 9  t o  27.2 MPa (130 to 3,950. psi). 
run at atmospheric ambient pressures as this would have required 

We were not able t o  

U 
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FIGURE 11 - SCHEMATIC OF THE LEACH AND WALKER 
NOZZLE CONFIGURATION (Ref. 12) 

4 6  



subs tan t ia l  changes t o  the  f a c i l i t y .  Also, t he  minimum pressure 
f o r  a given run w a s  a function of t he  swive1,pressure and t o t a l  
flow f o r  t h a t  run. For instance,  t he  minimum ambient pressure 
a t  a flow of 18 l / s  (285 gpm) was about 3.4 MPa (500 p s i ) .  These 
minimum pressure l imi ta t ions  were due t o  pressure drops along the  
flow path ex i t ing  from the  chamber, even with the  choke i n  i ts  . 
wides t  open posi t ion,  The nozzle pressure drop, Ap, range w a s  
6.2 t o  26.9 MPa (900 t o  3,900 p s i ) .  The simulated confining and 
overburden pressures on the  rock, see Figure 7,  were var ied accord- 
ing t o  the following r e l a t ions  i n  order t o  balance the  ambient 
pressure inside these hollow rock specimens: 

Confining pressure = Ambient pressure + 1-4 EPa (200 psi) 157 

Overburden pressure = Ambient pressure + 4.1 MPa (600 p s i )  [6] 

The mud used i n  a l l  of these s ta t ionary  nozzle t e s t s  w a s  a 

, 

water-based b a r i t e  and bentonite mud with a nominal density of 
1.1 gm/cm3 (9.3 lb /ga l )  ; i t s  apparent v i scos i ty  was control led 
a t  about 10 t o  11 cp. Mud properties were measured before and 
a f t e r  each test .  
t o  36 N ( 4  t o ' 8  l b ) .  No control f o r  the temperature of t h e  mud 
w a s  available during these t e s t s .  
a t  the  beginning and end of each of t he  runs on each specimen. 
The range for this parameter w a s  f r o m  about 34 to 71OC (93 to 
160OF). 

\ 

The y ie ld  point w a s  found t o  vary from about 18 

This temperature w a s  measured 

In addition t o  t he  various flows and pressures c i t e d  above, 
the parameters measured on the rocks a f t e r  the  tests (see Figure 
12) were: the  eroded depths a t  the center  of each hole,  t he  volume 
removed, ( u t i l i z i n g  a graduated syringe t o  determine the  amount 
of water required t o  fill the hole) ,  and the  diameter of t he  eroded 
area a t  the surface.  
order t o  describe the  e f f e c t s  of pressure,  nozzle configuration, 
and standoff dis tance,  we w i l l  concentrate primarily on t h e  hole 
depth parameter. 

In the  following sec t ion  of the r e  

However a l l  of the  data obtained from these 

47 



JET 

DEPTI 

D j  DIAME 

J VOL JME 

DEPTH, 
h J  

INCHES’ 

TER 

r 

A t  Z T  

TIME) SECONDS 

I AVERAGE DEPTH CUTTING RATE 

(See definitions of fi and T in Figure 23) 
avg 

FIGURE 12 - DEFINITION OF PARAMETERS MEASURED I N  
STATIONARY-NOZZLE TESTS A T  D . R . L .  
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tests are l i s t e d  within Appendix A.* 

C.  Discussion of Results 

A typ ica l  s e t  of data from these t e s t s  wit L tLLe four nozzle 

, versus the ambient pressure, 
too l  i s  shown i n  Figure 13. 
"average depth cut t ing rate", fi 
Pa 
h 
empirical descriptions of complete depth versus time curves are 
discussed f o r  the t e s t s  conducted within the new pressure c e l l  
a t  HYDRONAUTICS, it w i l l  be seen tha t  the time increment, A t ,  
i s  re la ted  t o  the time constant, T ,  for  these exponential curves. 
Based on p r io r  experience and with modifications on subsequent 
t e s t s  based on observations of p r io r  hole depths, the A t  para- 
meter was varied t o  insure tha t  the hole depths were within a range 
of about 1 . 2  t o  2.5 cm (0.5 t o  1 in . ) .  Thus f o r  the lower in- 
t ens i ty  tests,' i . e . ,  those run e i the r  a t  l o w  nozzle pressures and/or 
high ambient pressures, l a rger  time increments were u t i l i z e d  re- 
la t ive t o  the more erosive tests. In t h i s  fashion, A t  was  varied 
i n  accordance with the t i m e  constant, T, as discussed i n  Chapter 
IV. 

We have plot ted the parameter 

avg 
fo r  various fixed values of nozzle pressure drop, Ap. This 

i s  defined schematically i n  Figure 12 and 23.  In  Chapter Iv ,  When 
avg 

Although the data points i n  Figure 13 are from t e s t s  on a 
s ingle  rock specimen, the curves i n  t h i s  f igure a r e  the r e s u l t  of 
averaging a l l  of the  data f o r  the par t icu lar  nozzle typeand standoff 
for  each of therock specimens. 
data had been normalized according t o  the scaling concepts which 
we w i l l  now discuss. 
of the nozzle and ambient pressures the peak values of hav,, 
which w i l l  
as seen i n  Figure 13 were plot ted versus the respectiveP,. 
the p la in  6.4 mm (0.25 i n . )  CAVIJET nozzle the charac te r i s t ic  
r e s u l t  seen i n  Figure 14 was obtained. 
%Since the hole diameters from these tests were a l l  essent ia l ly  

This averaging was done af ter  these 

To develop an understanding of the e f f ec t  

be denoted as hpeak, for  each curve of constant Ap 
For 

This curve indicates t ha t  

the same (about 2.5 cm (1 i n . )  t h i s  parameter was not l i s t e d  in 
Appendix A. 
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FIGURE 13 - TYPICAL RESULTS FROM STATIONARY-NOZZLE 
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Li the rate of erosion is pr 
raised to the 3.1- power, or approximately that 
erosion rate is proportional to the jet velocity raised to the 
s\ixth power. 
city is a familiar result for various cavitating devices (23) and 
has been observed as well for the CAVIJET cavitating fluid jet 
in other applications wh'ere the ambient pressure was atmospheric 

It was observed that for each of the curves in Figure 
13 the peaking occurred at a cavita'tion number, (J, of about 0 . 4 .  
This suggested that all of the results could be scaled, and as. 
seen in Figure 15 indeed all of these data were reduceable essenti- 
ally to a single curve by using the definition of (J (Equation [2J) 
and dividing each 6 

to the nozzle pressure drop 
this 

This sixth power dependence of erosion rate on velo- 

-(19,22). 

value by the hpeak for .that curve. 
avg 

Thus, by collapsing all of the data for a given nozzle, al- 
though obtained on several different specimens, and normalizing in 
terms of each peak cutting rate for that specimen, variations 
in rock propert'ies as well as the intrinsic scatter of the cavita- 
tion erosion mechanisms could be averaged out. Again, it is ern- 
phasized that the smooth curves seen in Figure 13 were the result 
of reversing this scaling process from the curve shown in Figure 
15 and using that curve, plus the curve in Figure 14, to describe 
the complete behavior of the nozzle as a function of nozzle pres- 
sure drop, ambient pressure, and hence cavitation number. 

Comparable results for the centerbody CAVIJET nozzle con- 
Comparisons of several figurations are contained in Appendix A.  

nozzle types are typified by the curves seen in Figure 16. 
parameter plotted here, cutting rate effectiveness , "ei", is defined 
as 6 

. 
The 

z 

/P, where the hydraulic power, P, at a given Ap was derived 
avg 

. using -Equation [4 ] ,  after determination of the flow for each 
nozzle. Using the plain CAVIJET nozzle for reference the relative 
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dischazges of the four nozzles compared i n  Figilre 16 are: 
6d 

Plain CAVIJET nozzle I 
CAVIJET nozzle with 
cyl indrical  3 . 2  mm (0.25 in . )  
centerbody 0.86 
L&W nozzle 1 . 6 1  

& Smith Tool d r i l l  b i t  nozzle 1.39 

.( A s  typ i f ied  by Figure 16 ,  the CAVIJET nozzles produced ' 

values almost twice those of the conventional nozzles. Of e& 
i n t e r e s t  i n  t h i s  f igure  i s  a resu 
s i s t e n t l y  i n  t 
cut t ing rate effectiveness a t  higher values 
Indeed, very frequently a t  pressures j u s t  above about 20 MPa 
(3,000 p s i ) ,  ,these increases were observed both during the 
s ta t ionary nozzle t e s t s  as w e l l  as  i n  the d r i l l  b i t  t e s t s  described 
i n  Chapter V I .  
increased cut t ing a t  higher ambient pressures w a s  a r e a l  e f f ec t  
re la ted  somehow t o  the ca5i ta t ion phenomena o r  merely perhaps 
an anomaly r e l a t ed  to  the pa r t i cu la r  test configuration and tes t ing  
procedures u t i l i z e d  a t  DRL. Perhaps these increased rates w e r e  
due t o  the prolonged exposure of the rock a t  these higher pressure 
t e s t s ,  which were typical ly  of longer duration due t o  the lower 
ant ic ipated cut t ing rates a t  these conditions. 
exposure might tend to  more f u l l y  sa tura te  the rock, hence minimizing 
the excessive chip hold-down e f f ec t  caused by incomplete simulation 
of the pore pressure. 

which w a s  seen ra ther  con- 
amely an increase i n  cut t ing r a t e  and 

f ambient pressure. 

- 
A t  t h i s  t i m e  we are not able t o  say whether t h i s '  

This extended 

L 

* One of the  primary questions t o  be answered during t h i s  
phase of our investigation was whether differences would be observed 
i n  comparing erosion with water versus d r i l l i n g  mud as the f l u i d  
t o  be cavitated,  since a l l  of our p r i o r  experience b,efore t h i s  
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study has been l imited t o ' t h e  use of water as the operating f lu id .  
Thus, a limited se r i e s  of comparisons were made, and some typica l  
r e s u l t s  a re  summarized i n  Figures 1 7  and 18. It may be seen t h a t  
f o r  the lowest values of nozzle pressure the values of cu t t i ng  
r a t e  effectiveness,  as seen i n  Figure 1 7 ,  were lower f o r  water than 
f o r  mud. As nozzle pressures of about 1 7 . 2  MPa (2,500 ps i )  w e r e  
achieved, these data,  within s c a t t e r ,  seem t o  converge. A com- 
parable effectiveness based on t h e  volume removal r a t e ,  f, is  
plot ted i n  Figure 18. This parameter, the "volume removal effect ive-  
ness", e*, i s  defined as f / P ,  where the delivered hydraulic 

.power, P ,  i s  based on the  individual flows through each nozzle a t  
the respective nozzle pressure drop ' for  t ha t  run. 
e .  parameter the water r e s u l t s  a t  the lower pressures are below 
those fo r  the mud. We may conjecture t h a t  a t  the  lower pressures 
the i n t r i n s i c  erosiveness of the mud i t s e l f  may have contributed 
t o  the observed differences,  so tha t  the lower Ap r a t e s  of erosion 
a r e  equally due t o  both cavi ta t ion  and t o  impingement erosion from 
the suspended p a r t i c l e s  within the  mud. However, a s  higher j e t  
ve loc i t ies  a r e  reached, i t  may be t h a t  cavi ta t ion becomes the  in-  

Again f o r  'the 

V 

creasingly strong contribution t o  the erosion observed, thus out- 
weighing the e f f ec t s  due t o  p a r t i c l e  impingement. 

The e f f ec t  of standoff distance,  t ha t  i s ,  the dis tance between 
the face of the nozzle and the rock surface p r i o r  t o  the t e s t ,  
was also examined. This standoff parameter was varied over a 
.range from 1 . 6  t o  2.9 cm (0.62 t o  1 . 1 2  i n . ) .  Typical r e s u l t s  
f r o m  these comparisons a re  indicated by the data i n  Figures 19a 
and 19b. It was determined t h a t  the optimum standoff occurred 
a t  the 1 . 6  cm (0.62 in . )  value. Unfortunately the test  configura- 
t ion  precluded standoffs smaller than the 1 . 6  cm (0.62 in . )  value. 

u 

* 

7 
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However, since there seemed to be a consistently higher cutting 
rate observed at the 1 . 6  cm ( 0 . 6 2  in.) standoff, this value was 
chosen for the majority of tests performed with this stationary 
nozzle mode .as well as for the drill bit tests discussed in 
Chapter VI. 
mination is consistent with our preliminary work (11) which sug- 
gested that the optimum standoff was between 1.3 and 2.5 cm 
( 0 . 5  to 1.0 in.) for a 6 . 4  cm (Os.25 in.) diameter plain CAVIJET. 

W 

It should be noted that this optimum standoff deter- 

3 

The 
for 

B 
standoff of 1 .6  cm ( 0 . 6 2  in.) was also found to be optimum 
the centerbody CAVIJET nozzle configuration. 
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IV. STATIONARY AND SLOT CUTTING TESTS AT HYDRONAUTICS 

I 

A. T e s t  Objectives and Procedures 

The tests conducted within the new pressure- ce l l ,  described 
i n  Chapter 11, were planned so as t 
within the wel l  bore simulator 
the tests a t  DRL could be range of both 
ambient pressure and nozzle  pressur  
t he  type and amount of tests which 
f igu ra t ion  w a s  such t h a t  only se lec ted  d i s c r e t e  time i n t e r v a l s  
could be examined f o r  the  s t a t iona ry  nozzle  tests. Also, atDRI,no 
provis ion f o r  s l o t  c u t t i n g  tests was- f e a s i b l e  wi th in  t h e  t i m e  and 
cos t  l imi ta t ions .  of t h i s  program. 
planned t o  allow a more extensive examinacion of both s t a t i o n a r y  
and s l o t  c u t t i n g  tes ts ,  although within a more l imi t ed  range of 
pressures ,  by c rea t ing  the  pressure c e l l  a t  HYDRONAUTICS. Thus, 
by using the sca l ing  l a w s  which def ine t h e  e f f e c t s  of pressure 
and cav i t a t ion  number from the DRL tes ts ,  i t  w a s  expected t h a t  t he  in -  
f luence of t i m e  and ve loc i ty  obtained i n  t e s t s  a t  HYDRONAUTICS 
could be combined t o  provide the  des i red  understanding of a l l  re- 
levant  parameters. 

he tests c0nducted 

l i m i t a t i o n s  i n  
The test con- 

The program w a s  t he re fo re  

A specimen configurat ion t o  permit both s l o t  c u t t i n g  and 
s t a t iona ry  h o l e  c u t t i n g  w a s  used. 
cube, 15.2 c m  (6  i n . )  on a s i d e  t o  allow maximum use of each rock 
by t e s t i n g  on seve ra l  surfaces  (see Figures  2Oa and 20b). 
l iminary t e s t i n g  showed t h a t  reproducible  r e s u l t s  could be obtained- . 
on any of t he  four  "s ides"  which allowed j e t  impingement p a r a l l e l  
t o  t he  bedding planes.  However t e s t s  conducted on e i t h e r  t h e  
"top" o r  "bottom", i . e , ,  on a sur face  which allowed the  j e t  t o  
impinge perpendicular t o  t h e  bedding planes,  achieved d i f f e r e n t  
r e s u l t s .  

This specimen shape w a s  a 

Pre -  

Thus a l l  tests were conducted on t h e  s i d e s  of t he  specimens. 
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FIGURE 20a - TYPICAL STATIONARY-NOZZLE SPECIMEN: Indiana 
limestone; Test Conditions: Ap = 12.4 MPa (1,800 psi), 
pa = 2.1 MPa (300 psi), CI = 0.17. I : 12 sec, P : 60 
sec, II : 100 sec, m : 160 sec, : 200 sec; 6.4 mm 
(0.25 in.) dia. plain CAVIJETQ nozzle; 1.1 gm /cm3 
(9.3 ppg) mud. 
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FIGURE 20b - TYPICAL SLOT CUTTING SPECIMEN: Indiana 
limestone; Test Conditions: Ap = 12.4 MPa 
(1,800 psi), pp = 2.1 MPa (300 psi), C J =  0.17; 
6.4 mm (0.25 in.) dia. plain CAVIJETQ nozzle; 
1.1 gm / cm3 (9.3 ppg) mud; Translation rate 
0.64 cm/sec (0.25 in./sec). 

. . .  
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This t e s t i n g  o r i en ta t ion  agxeed with the  o r i en ta t ion  of t he  j e t s  
r e l a t i v e  t o  the  bedding planes i n  the la rge  specimens t e s t ed  with 
the  four  nozzle t o o l  a t  DRL. 

Lj 

were examined, with the  majori ty  of 
tests performed on specimens of Indiana limestone, i n  order  t o  
compare these r e s u l t s  with the  data  obtained a t  DRL on t h i s  same 
rock. Limited tests w e r e  a l s o  performed on cubes of  Berea sand- 
s tone and Georgia grey grani te .  

The mud used i n  these tests w a s  the  same type used i n  the  tests 
a t  DRL, namely a water-based mud with densi ty  of 1 .I gm/cm3 (9. .3 ppg) . 
This b a r i t e  and bentoni te  mud, after a learning per iod,  was  e a s i l y  
control led within t h e  r e se rvo i r  shown schematically i n  Figure 3.  

of the  d a t a  obtained during t h i s  p a r t  of the  program, are given 
i n  Appendix B. 
with heavier  muds up t o  a densi ty  of 1.4 gm/cm3 (12  ppg). 
measurable differences in  t h e  erosion caused by the p l a i n  configura- 
t i o n  of CAVIJET 
t h i s  range of mud dens i t i e s .  The mud temperature w a s  not  control led 
i n  these t e s t s , and  t h i s  temperature var ied from ambient room 

ting t o  the  proper t ies  of t h i s  mud, as w e l l  as a l l  

A l imi ted  amount of t e s t i n g  w a s  a l s o  conducted 
No 

cav i t a t ing  f l u i d  j e t  nozzle  w e r e  observed over 

temperature values up t o  about 

The CAVIJET nozzle used 
of the p l a i n  CAVIJET nozzles 

46OC ( U S O F ) .  

for  a l l  of these s tud ies  w a s  one 
fabr ica ted  of s in t e red  carbide 

which w a s  used i n  t h e  four  nozzle tests a t  DRL. 
tes t  ce l l  w a s  fabr ica ted  so t h a t  t h i s  nozzle could be clamped 
i n t o  place i n  a manner comparable t o  t h a t  used i n  the  four  nozzle 
too l .  The s tandoff  dis tance could be var ied by moving the  e n t i r e  
input  flow pipe i n  t h e  vertical  d i r ec t ion ,  
o f f  dis tance of 2 . 1  c m  (0.81 in . )  w a s  used f o r  a l l  of these tests 
( the  minimum achievable due t o  the "shut ter-plate  'I) 

The high pressure 

I-iowever, a f ixed stand- 
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_ .  

B. 

, ' .  h e  rock" s p  
and the nozzle s ta t ionary.  Typica 
where it  -is seen t h a t  several  t e s t  
of t h e  specimen, varying the  time 
. the  rock a f r ac t ion  of a revolutioh between runs. 
by avoiding having t o  remove the  rock from the  c e l l  between runs. 
In  t h i s  fashion a considerable amount of information could be 
obtained in  a r e l a t i v e l y  short  period of t i m e .  

e s u l t s  a r e  seen i n  Figure 20% 
e r e  usually run on each s i d e  

This sayed time 

Typical data from t h i s  t y p  of tes t  a r e  Seen i n  Figure 21  
f o r  'several  .combinatiohs of ambient and nozzle pressure. 
t e s t s  were a l l  conducted on specimens of Indiana 'limestone. 
t h a t  Curve 4 i n  Figure 2 1  i s  subs tan t ia l ly  higher than would be 
expected for  these values of Ap and u. 

These 
Note 

One would expect t h i s  curve 
to. l i e  w e l l  below Curve 3 ,  since t h e s e ~ t e s t s  were run -at the peak 
u = 0 . 4  (see Figure 15) and .at a higher Ap = 8 . 3  MPa (1,200 
r e l a t i v e '  t o  Curve 4.  
par t i cu la r  portion of the  rock w a s  s o f t e r  than average. 
hypothesis t ha t  Curve 4 was too high was  , corroborated subsequently, 
as  discussed below i n  conjunction with Figure 22. 

Thus, i t  might be conjectured tha t  t h i s  
This 

To characterize the s ta t ionary  rock cu t t ing  pe 
CAVIJET , i n  order t o  able  to u t i l i z e  the p r  

ideas derived from the  D k  t 
an empirical descr ipt ion of these s ta t ionary  cu t t ing  tests. 
shown i n  Figure 2 2 ,  these data could be described by- means 
exponential curve the  fonn: 

ting', i t  w a s  necessary- t o  obtain 

. .  

(1  - e t/T) 
max h = h  

1. 
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where : 
h is the hole depth,. 

8 t is time, and _- 
h and '2: are empirical c0nstant.s for a particular gozzle 

and rock type. ' max 

Note that, in Figure 2 2 ,  although the empirical curve for 
e 1 quite accurately follows the experimental results, the 

comparable exponential curve for Curve 2 lies well below the data. 
Similar fitting of exponential curves to the results of tests run 
at other combinations of (Ap, pa, a) were very successful. Thus, 
the hypothesis that the results for Curve 4 in Figure 2 1  (which 
is the same as Curve 2 in Figure 2 2 )  are too high has been demon- 
strated to be' correct. o served to verify the overall 
effectiveness of using this e nential curve in Equation [7] to 
describe stationary-nozzle cutting data. 

This' a 

Some individual test results from the DRL study are also 
shown on Figure 22.  
with the results from the tests at HYDRONAUTICS for each set of 
pressure conditions. 

It is seen that these data agree fairly well 

The two parameters hmax and T, as seen in Equation [7],are 
defined in Figure 23 .  
Principle" ( 2 4 )  suggested that the values' of hmax and T would be 
the same for the stationary and slot cutting tests. 
situations wherein relatively soft rock or coal was being cut by 
a very high intensity CAVIJET 
Principle was quite successful in describing either type of test 
results ( 2 4 ) .  However f0.r the situation encountered with the 
elevated ambient pressure tests, at relatively low nozzle pressures, 
hence low cavitation intensities with harder rocks, the Equivalance 
Principle, as discussed in Section IV.C, required some modification. 

The original description of this "Equivalence 

Indeed for 

nozzle, this form of the Equivalance 

7.0 
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STATIONARY AND SLOT CUTTING T E S T S  ( Reference 24) 



The stationary hole cutting re ts for the three rocks tested 
are compared by the typical data shown in Figure 24. 
tests (11) the particular specimens of Indiana limestone then 
tested were relatively more difficult to erode in comparison to 
the Berea sandstone. It was found here, however, as seen in 
Figure 2 4 ,  that the Indiana limestone, relative to the Berea 
sandstone, was easier to cut. More will be said in.Chapter VI1 
about the effects of pressure on the cutting of Georgia granite. 

In prior 

By. comparing the parameters, hmax and T, as derived from the 
stationary-nozzle tests conducted at HYDRONAUTICS, and the h, 
data obtained during the comparable stationary-nozzle tests at DRL, 

avg 

it was found that (as indicated in Figure 2 3 ) :  

max h 
a- 

avg T 
6 C83 

Therefore, by making use of the previously determined relation: 
a (AP)~.~ (see Section I1I.C and Figure 14), we can use 

avg 
6 
Equation [83 to conclude: 

c93 

The dependence ofTonApwas.empirically found to be: 

T a Ap-', cm 
hence, combining [ g ]  and [lo]: 

c 

Equations [lo] and C113 were experimentally verified to be capable 
of predicting, at any fixed value of u ,  the effect of Ap on the 
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FIGURE 24 - COMPARISON OF STATIONARY-NOZZLE CUTTING RESULTS 
FOR THREE ROCK TYPES 
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stationary-nozzle cutting by this plain CAVIJET nozzle. The 

Thus, the full definition which we have been seeking for predicting 
the stationary nozzle cutting performance of a plain, 6 . 4  mm 

in.) CAVIJET nozzle on Indiana limestone is given by 
Equations [TI, [lo], and [lz] plus Figure 15. 

C. Slot Cutting Test Results , L 

effect of varying u is defined by the curve shown in Figure 15. i 

Typical results from the slot cutting tests at 'HYDROI?AUTICS 
are shown in Figure 20b and 25. Fitted through the experimental rn 

data in Figure 25 are empirical curves of the form: 

h' = h' (1 - e -D/vr j 
max 

where : 
h' is the slot depth, 
v is the velocity of translation of the jet 

. h' IC', D: are empirical constants for a particular nozzle 
and rock type max ' .  

Note that these values of h' and r '  do not coincide with the 
parameters shown in Figure 23 for the original Equivalence Princip1.e 
(24). 
corresponding hmax and r stationary-nozzle parameters. 

from the stationary-nozzle testing, the following relations were 
derive'd for Indiana limestone: 

max 

Indeed, the hAax and r '  values are much smaller than the 

By comparing the results, under the same pressure conditions, 

max h' = 0.060 h max c131 

'IC' = 0.021 T, c 1 4 3  
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> 
TRANSLATION VELOCITY, v, cm / sec 

0.06 

0.03 

0.02 

0.01 

ROCK: INDIANA LIMESTONE 
NOZZLE: PLAIN CAVIJET, 6.4 mm 

(0.25 in.]  DIAMETER 
MUD DENSITY: 1 .1  gm4cm3 (9.3 ppg) 

a AP h'llWJX r ' D  Data 
C u r v e s  u MPa psi M P a  psi cm In. sec em In. Symbol  

1 0.17 12.4 1800 2.1 300 1.49 0.059 2.96 2.7 1.06 a 
2 0.4 10.3 1500 4.1 600 0.94 0.037 1.70 2.2 0.88 0 

THE CURVES ARE GIVEN BY: 

I I I 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.0 

TRANSLATION VELOCITY, V, in./ sec 

1.6 

1.4 ' 

1.2 E 
E 
r. .s 

1 .o . ?  
!i 
W 

0.8 0 
z 

z 2 
0. 6 

0 :4 

0.2 

FIGURE 25 - EXPONENTIAL CURVE FITTING TO SLOT CUTTING 
TEST RESULTS 



I 

and, D, which may be considered to be the diameter of influence 
of the jet, was taken as: 2.5 cm (I in.) based on the results from 
the stationary-nozzle testing. 

LJ 

There.fore, combining Equations [lo], [ll], [13], and [14], we 
obtain: 

t 

I 
* 

I T '  a (Ap)-'. cm 
I 

Thus, analogous to the stationary testing, the slot cutting per- 

limestone can be predicted by means of Equations [12], [15], [16], 
and Figure 15. 
Section VI1.C. 

i formance of the plain 6 . 4  mm (0.25 in.) CAVIJET nozzle on Indiana 
i 
I 

Further discussions of this result are given in 

I 

L, 
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V. FLOW STUDIES OF SUBMERGED CAVITATING JETS W 
A. Test Configuration and Procedures 

The tests to be discussed in this section were performed in 
the laboratories of Professor Albert T. Ellis at the University 
of California; San Diego, in La Jolla ( 2 5 ) .  These studies 

NAUTICS. These nozzles were: (a) a plain configuration CAVIJET 
i cavitating fluid jet nozzle and (b) a Leach and Walker nozzle 

(see Figure 11). As shown schematically in Figure 26, a blow- 
down water tunnel facility consisting of two large reservoirs 
was utilized. The upper,pressurized reservoir was filled with 
water prior to the test and then pressurized to the desired value, 
while the lower tank, by means 0.f a vacuum pump, was set at the 
desired reduced pressure. The upper tank may be pressurized over 
a range up to 0.'69 MPa (100 psig) while the pressure in the lower 
reservoir can be reduced to 3 . 4  kPa (0.5 psig). 
system allows ample time for measurement of both inception and 
desinence of cavitation during the run. 

L were performed with 6 . 4  mm ( 0 . 2 5  in.) nozzles provided by HYDRO- 

The size of the 

The nozzles were mounted as shown in Figure 26 so that the 
distance to a "target" could be varied. This target had a flat 
surface, normal to the flow, which was circular and about 2.5  cm 
(1 in.) in diameter. Below the .surface of the target a lithium 
niobate piezoelectric crystal was mounted to provide a signal fo r  
monitoring pressure pulses caused by cavitation from the nozzles. 

In addition to this pressure indication of cavitation, an 

The 

i 

optical technique was also utilized. 
to pass across the flow just below the face of the nozzle. 
presence or ab'sence of cavitation was observed by using a photo- 
multiplier tube to detect light scattered from the laser beam. 

A He-Ne laser beam was oriented 
* 
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UPSTREAM RESERVOIR 
Capacity: 795 4. (210 gal) 
Overpressure to : 0.69 MPa ( 1  OOpsi) 

1 

+ FROM AIR COMPRESSOR 

35 mm ELLIS FRAMING 
CAMERA 

Framing Rates u p  to 
200,000 frames/sec 

%fl. I 1  ,'.+ 
CAVlJETe NOZZLE\ 1 1  , , 

He-Ne LASER <=g- 
c TEST SECTION 

Clear plastic, square 
section, 30 c m  (12  in.) 

ng,  inside dimension : 
7 cm (2.75 in.) 

T ARC ET, with Lithium- .N io ba te 
Piezoelectric Crystal, about 
2.5 cm ( 1  in.) diameter 

1 

I 

DOWNSTREAM RESERVOIR 
Capacity: 795 4 (210 gal) 
Vacuum to: -98kPa (-14.2 pslg) 

PUMP 

\ 

0 FLOW DIRECTION DURING TEST 

3 

d 

FIGURE 26 - BLOW-DOWN WATER TUNNEL FACILITY AT UNIVERSITY 
OF CALIFORNIA, SAN DIECO 



r 

Both this optical detector and the crystal pressure readings were 
used to reconfirm the onset and Cessation of cavitation. 
addition, a unique high speed photographic technique capable of 
up to 200,000 frames per second, with extremely short exposure 
times, was also used to provide visualization of the cavitation 
in the flow issuing from the nozzles. 
developed by Professor Ellis, utilizes a laser light source and 
operates with a Kerr cell for shuttering. 

In W 

is camera, which was 
* 

B. Cavitation Inception and Desinence Results 

The results of the measurements of cavitation with the 
CAVIJET cavitating fluid jet nozzle are summarized in Figure:27. 
These tests were run at three standoff distances, namely with 2, 

5 and 10 nozzle diameters for the distance between the face of the 
nozzle and the target. 
2. Although there is considerable scatter in these observations, 
it may be seen that for the standoff distances of 5 and 10 nozzle 
diameters there seems to be a general increasing trend for cavi- 
tation inception with increasing Reynolds number. However, at 
a standoff of two nozzle diameters this 
does not appear to exist. Indeed, all the inception measure- 
ments at this smallest standoff appear to be relatively constant 
over the range of Reynolds numbers examined, and to lie in a span 
of about 0.6 to 0 . 7 .  

These data are also summarized in Table 

If these cavitation inception measurements are plotted as in 
Figure 28, it is seen that there is a trend suggested 
smaller standoff distances larger values'of oi, the cavitation 
inception number, are observed, The large bands to the left and 
right of-each averaged point in Figure 28 are not completely due 
to data scatter, since the Reynolds number effect described in 

where at 
4 

a 
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REYNOLDS NUMBER, R 

F I G U R E  27 - RESULTS FROM FLOW STUDIES AT UNIVERSITY OF 
CALIFORNIA - SAN DIECO (Ref. 25); For:  p la in ,  
6.4 mm (0.25 in.) CAVIJETQ nozzle 
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TABLE 2 
RESULTS FROX FLOW STUDIES AT UNIVERSITY OF 

CALIFOIt'lIA - SAL? DIEGO (REF. 28) , 

For: Plain, 6 . 4   LIP^ (0.25 in.) CAVIJET@ NOZZLE 

Ambient 
Pres sure 

(psfg) 

-6.3 
-3.9 
-1.5 
-1.4 , 

2.8 
. 8.7 
8.5 

-11.6 
-1.4 
-1.8 
-1.5 
-1.8 
-0.6 
7.4 

.8 .8  
8.9 
8.3 

-9.6 
-7.1 
-1.3 
-1.6 

09 
-1.7 

INCEPTIOX 

Reynolds 
Iknber 

82,000 
96,000 
102,000 
104,000 
128 , 000 
142,000 
144 , 000 

82 , 000. 
125 , 000 
129 , 000 
129 , 000 
135 , 000 
146 , 000 
150 000 
152,000 
165,000 
169 , 000 

98 0 000 
108 , 000 
113 , 000 
125, 009 
135 , 000 
147 , 000 

Cavitation 
Number 

.67 

.63 

.68 

.67 

.59 

.64 

.62 

.22 

.22 

.41 

.43 

.38 

.36 
53 
-56 
.47 
.44 

.27 

.34 

.57 

.46 

.46 

.32 

Standoff 
Distance 
(Nozzle 
Dime t ers) 

2- 
2 
2 
2 
2 
2 .  
2 

5 
5 
5 
5 
5 
5 
5 
5 
5 
5 

10 
10 

10 
LO 
10 

10' 

DES IhTNCE 

Cavitation 
hbber 

. 73 

.86 . 80 

.82 

.83 

.82 
-87 

. 44 

.58 

.53 

.56 . 56 

.62 
:54 . 61 
.56 
.56 

.57 
047 
.60 
.62 
.62 

Reynolds 
Nunber 

94 , 000 
85 * 000 
95 000 
94 e 000 
116,000 
126 , 000 
122 , 000 

101 0 000 
114,000 
113 , 000 
114 e 000 
112 , 000 
125,000 
156,000 
153,000 
154,000 
~151,000 

107 000 
117 000 
112,000 
110 , 000 
110,009 

Ambient 
Pressure 
(PS ig) 

-3.0 
-3.2 
-1.5 
-1.3 
6.0 
9.1 
9.0 

-6.2 
-0.8 
-2.0 
-1.7 
-1.6 
3.2 
9.3 
11.1 
9.7 
8.9 

-2.5 
-2.8 
0.9 
-09 
-.9 



NOZZLE: PLAIN CAVIJET, 6 . 4  mm ( 0 . 2 5  in.) (d) 

REYNOLDS NUMBERS: 0.8 - 1 . 7  x l o5  (vd / U) 
VELOCITIES: 13 - 27 m/s ( 4 3  - 88 f t / s )  (v) , 
NOZZLE PRESSURES: 0 . 0 8 -  0 . 3 6  MPa (12  - 52 p s i )  ( A p )  
AMBIENT PRESSURE: 0.02 - O.l$-MPa ( 3  - 24 ps ia)  (pa)  

10 
. .  

8 

6 
STANDOFF 
DISTANCE 
(nozzle 
diameters) 4 

2 

- 
I 
I 
-I 
I 
I 

- 
TESTS AT: UNI 

I 1 
\ 

'. 
\ 
\ 
\ 
\ .. 

t h - 4  
O F  CALIF, - SAN DIEGO 

I I I I I I 0 
0 0,l 0 2  0 , 3  0,4 0,5 0,6 0,7 

CAVITATION INCEPTION NUMBER, a- 
! 

FIGURE 28 - STANDOFF DISTANCE AND CAVITATION INCEPTION: 
From f low studies a t  the University of California - 
San Diego (Ref .  25) 
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T 

t 

t 

3 

t4 

5 and 10 nozzle diameters standoff. 

The trend for smaller standoffs at larger values of ai is 
not inconsistent with our, although limited, experience in the 
erosion meas'urements with the CAVIJET nozzles. As seen in Figure 
2 9 ,  the standoff for low CJ (ambient pressure 
i6 about 14 nozzle diameters, while this standoff was reduced to 
about two to three diameters in the elevated ambient pressure tests. 
Although this trend was not fully defined by our CAVIJET tests, 
hence the dotted curve in Figure 2 9 ,  there have been observations 
,of this'same effect in erosion studies of small cavitating jets of 
oil (26, 27). Although operating at much lower values of Reynolds 
number (see Section VII.B, and Figure 3 9 ) ,  a smooth curve of 
decreasing standoff versus increasing values of the cavitation 
number at the point of peak rate of erosion was observed by both 
of these investigators. 

atmospheric) tests 

- 

Similar attempts were made to measure cavitation inception 
and desinence for the Leach &Walker nozzle. However, it was 
found that it was much more difficult to produce cavitation from 
this nozzle, since considerably lower cavitation numbers were re- 
quired to cause cavitation in comparison to the CAVIJET nozzle. 
Indeed it was necessary to utilize degassed water with the Leach 
& Walker nozzle before any observations could'be made since at the 
very low pressures required to cavitate this nozzle air bubbles in 
the flow would grow and obscure the observations with either 
the photomultiplier or the high speed photography. 
no systematic study of the Leach and Walker nozzle was performed, 
although it was estimated that an approximate i 
this nozzle occurred at a Reynolds number of ab 1 . 8  IO5 with 
u :: 0.3 for a dtandoff of two nozzle diameters. 

For this reason 

The high speed photographic records of the CAVIJET nozzle 
produced -visualizations of relatively well defined ring vortices 
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as indicated schematically i n  Figure 30. These vor t ices  seemed 
qui te  periodic,  with a spacing between as indicated by the wave 
length, A, approximately equal t o  the  nozzle diameter of 6 . 4  mm 
(0.25 in . ) .  The frequency of shedding was a l so  qu i t e  periodic 
and the veloci ty  of these vo r t i c i e s  w a s  approximately - one-half 
t h a t  of the j e t  velocity.  
r i ng  vort ices  tends t o  confirm the  appearance of the  i n i t i a l l y  
damaged region, namely an annulus with a r a the r  undamaged c e n t r a l  
region. Lichtarowicz (27) a l so  reports  t h i s  ring-type of damage. 

, Also, i t  should be noted t h a t  such vor t ices  were not observed with 
the  Leach &Walker nozzle u n t i l  cav i ta t ion  numbers well  below one- 

'half of those f o r  the CAVIJET nozzle, and were not as well- 
defined as those from the CAVIJET nozzle. Thus the  degree of 
cavi ta t ion a t  any given cavi ta t ion number f o r  the Leach &Walker 
nozzle would be less than t h a t  of the  CAVIJET nozzle. 

The appearance of these well defined 
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F I G U R E  30 - OBSERVATION OF SUBMERGED CAWJET@ N O Z Z L E  
FLOW: Ultrahigh speed photography by A . T .  E l l i s  
(Ref. 25  ) 
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VI. DRILL B I T  TESTS AT DRL 

A. Objectives of These Tests 

Detailed tests with CAVIJET augmented d r i l l  b i t s  were not 
o r i g i n a l l y  planned f o r  t he  f i r s t  pha 
f e l t  t h a t  a l imi ted  amount of such t 
ins igh t s  i n t o  the  performance of CAVIJET .nozzles  i 
a t i o n  and would assist i n  guiding the design e f f o r t s  
phases of t h i s  study. A s  discussed i n  the  introduct  . "  
r epor t ,  t e s t i n g  and analysis  with the  motivation of optimizing 
the  design of a set of CAVIJET nozzles i n t o  various ~f mechanical 
b i t  configurat ions i s  one of t he  object ives  fo r  the'second phase 
of t h i s  program. 

not  because it presented an optimum configuration f o r  the u t i l i z a -  - 

t i o n  of the  CAVIJET nozzles ,  but because i t  w a s  read i ly  avai lable;  
required minimum modification t o  accept the ava i lab le  CAVIJET 
nozzles which had been fabr ica ted  of s in t e red  carbide f o r  the  
s t a t i o n a r y ~ n o z z l e  tests descr ibe i n  Chapter 111, and t h i s  p a r t i -  
cu l a r  r o l l e r  b i t  could be t e s t ed  within the  DRL w e l l  bore simulator 
without modifications t o  t h e i r  equipment. Thus, t h i s  b i t  design :. . 

was such t h a t  both of the extended nozzles w e r e  located on the  
same diameter of r o t a t i o n ,  14.3 cm (5.62 i n . ) ( s e e  Figure 31a). 
This would probably not  be des i rab le  f o r  
designed t o  u t i l i z e  the  erosive ac t ion  of nozzles t o  
assist the  mechanical cu t t i ng  by weakening the rock. This we 
ing of t he  rock would be .bes t  accomplished by, a 

* t w o  o r  more nozzles on differ i jnt  c i r c l e s  of ro ta t ion . ,  Also 
optimization s tud ie s  i n  Phase 11 may suggest t h a t  the  je ts  should 
be or iented o ther  than a t  the  perpendicular angle of impingement 
t o  the rock face  while p a r a l l e l  t o  the  axis of r o t a t i o n  which was 

of t h i s  program, but  i t  w a s  
s would provide valuable  

The r o l l e r . b i t  used i n  these pre l ip inary  tests ,was selected,  

, .  

it which was s p e c i f i  
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the only possible configuration that could be used with the 
preliminary bit tests described in this chapter without making 
major modifications to the bit. 

B. Test Configuration and Procedures 

These preliminary drill bitstests represent a somewhat more 
conventional use of the DRL wellbore simulator. A two-cone, 

was adapted for these tests. The configuration of this bit may be 
seen from the photographs in Figures 31a and 31b and the schematic 
drawing Figure 32 (this figure is reproduced from Reference 28, 
courtesy of the author). It may be seen that this bit utilizes 
three nozzles, the cen'ter nozzle has a converging-diverging con- 
figuration, designed to clean the intermesh area of the two tungsten 
carbide studded roller cones. A s  discussed in Reference 28, this 
nozzle was observed to experience cavitation in its venturi-like 
throat region. Thus its discharge coefficient is affected by not 
only the pressure drop across the nozzle but also the.amhient 
pressure for a given test. This fact was unknown t o  us when our 
tests were conducted. However by analysis of the total flow as a 

function of ambient and nozzle pressure drops, using our prior 
flow calibrations for the t w o  extended nozzles, we were able to 
derive the same results measured by Baker for this center nozzle 

extended nozzle roller bit, manufactured by the Smith Tool Co. (28) - 
z 

(28). 

The only modification to this 20 cm (7 -7 /8  in.) diameter bit 
was with regard to the two extended outer nozzles. The normal 
standoff distance for these nozzles is 3.8 cm (1.5 in.). Extra z 

extensions w2re provided so that this standoff could be reduced 
to 1.6 cm (0.62 in.). I 

The test specimens were solid cylindrical rock specimens with 
hose used in the stationary nozzle the same outside dimensions as 
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3 
FIGURE 31a - VIEW OF BOTTOM OF TWO CONE ROLLER BIT: 

Showing two extended nozzles on same diameter 
of rotation 

L, 
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FIGURE 31b - SIDE VIEW OF TWO-CONE ROLLER B I T :  
Showing extra extensions for two extended 
CAWJET@ nozzles 
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FIGURE 32 - SCHEMATIC OF TWO-CONE ROLLER BIT  USED IN 
,PRELIMINARY TESTS AT D.R.L. (Ref. 28) 

, .  
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cut t ing  t e s t s ,  namely, a length of 91 .4  cm ( 3 6  i n . )  and a diameter 

and Indiana limestone. During the  t e s t s ,  readings of the rate of 
penetrat ion,  ra te  of revolut ion of the  b i t ,  and b i t  weight were 
recorded as w e l l  as the  pressures  and flow r a t e s  as described i n  
Chapter 111. The .test matr ix  f o r  ,these tests consis ted of making 
a s e r i e s  of d r i l l i n g  runs a t  th ree  f ixed values of the  nozzle 
pressure drop, 8 . 3 ,  1 2 . 4  and 16.5 MPa ( 1 , 2 0 0 ,  1,800 and 2,400 ps i ) .  
Although these were the  nominal values f o r  each run, individual  
t e s t s  did show var ia t ions  i n  these values.  Each series of f ixed 
nozzle pressure drops were conducted over a range of ambient pres -  
sures  of from about 3 . 4  t o  20.7 MPa (500 t o  3,000 p s i ) .  

of 39 .4  cm (15.5 i n . ) .  Two rock types were used, Colton sandstone L t  

The tes t  on a given specimen w a s  i n i t i a t e d  by a slow spud-in 
t o  e s t ab l i sh  the  b i t  i n  a s t a b l e  configurat ion within the  f irst  
f e w  centimeters of the  rock. The b i t  w a s  then r a i s e d  about 10 cm 
( 4  i n . )  above the bottom of the  hole  so t h a t  adjustments i n  pres -  
sure  f o r  t h e  next run could be made without "using up rock". 
t h i s  fashion as many as 2 1  runs could be achieved within l e s s  than 
the 9 1 . 4  cm ( 3 6  i n . )  ove ra l l  length of these rock specimens. 

In 

C. T e s t  Results 

A complete summary of the  tests of these preliminary d r i l l  

We w i l l  descr ibe some typ ica l  r e s u l t s  
b i t s  
a r e  given i n  Appendix C.  
i n  t h i s  sec t ion .  The f i r s t  s e r i e s  of tests w e r e  run i n  Colton 
sandstone, a rock which had been previously examined i n  the  wellbore 
simulator by the  s t a f f  a t  DE& ( 2 9 ) .  This provided guidance f o r  
planning our tes t  parameters. 
sandstone as w e l l  as the  Indiana limestone were run a t  the  same 
ro tary  ra te  of'6O rpm. However f o r  the r e l a t i v e l y  harder  Colton 
sandstone the  b i t  weight w a s  44.4 kN (10,000 lb.). 
series, conducted on Indiana limestonelwas run with a b i t  weight 

i s  out l ined i n  Table 3 ,  and all of the  data  f o r  these tests 

All of the  tests on the  Colton 

The second 
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TABLE 3 
SUMMARY OF ROLLER B I P  TESTS AT DRL 

s 

Standoff 
Distance 

Type of 
Rock 

Test 
No. 

.k* 
:enter 
kzzle 

Ex t ende$k* 
Nozzle 

No. of 
Successful 

RUnS 
Test 
Series 

2 

2 

3 

3 

3 

3 

4 

4 

4 

4 

in. cm 

Smith 

Smith 

Smith 

Plain 
CAVIJET 

1.5 

1.5 

0.62 

0.62 

0.62 

0.62 

Colton Sandstone 

Colton Sandstone 

Colton Sandstone 

Colton Sandstone 

0 

0 

15 

16 

1 

2 

3 

4 

5 

. 6  

1 

2 

3 

4 

3.8 

3.8 

1.6 

1.6 

1.6 

1.6 

1.6 

3.8 

1.6 

1.6 

A 

A 

A 

A 

A 

A 

B 

B 

B 

.B 

Colton Sandstone' Plain 
CAVI JET 

15 

Centerbody 
CAVIJET 0 

15 

16 

19 

Colton Sandstone 

Indiana Limestone 

Indiana Limestone 

Indiana Limestone 

Indiana Limestone 

Smith 0.62 

1.5 

0.62 

0.62 

Smith 

Plain 
CAVI JET 

21 Centerbody 
CAVIJET 

1 cm (7-718 in.) diameter, Smith Tool Company, two-cone roller bit with two 
extended nozzles ** Center Nozzle: TYPE A: 0.79 cm (0.31 in.) diameter center nozzle 
TYPE B: 0.64 cm (0.25 in.) diameter center nozzle *** All extended nozzles had a nominal orifice diameter of 6.4 nun (0.25 in.) 

* Bit Type: 
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of onelhalf  of t h a t  f o r  the  Colton sandstone, i . e . ,  22.2 kN 
(5,000 lb . ) .  Comparing the  r a w  da ta  pene t ra t ion  rates seen i n  
Figures 33 and 34 i t  is seen t h a t ,  under the  same condi t ions a t  
a nozz leg res su re  drop of 16.5 MPa (2 ,400 p s i ) ,  desp i t e  t h e  higher  
b i t  weight f o r  the Colton 
penetrat ion were achieved r e l a t i v e  t o  those f o r  t he  Indiana lime- 
stone.  
rates of penetrat ion of about 1.5. t o  3 m/hr (about 5 t o  9 f t  per  
h r . )  w e r e  measured. This should be compared t o  t h e  rates with t h e  
Indiana' limestone which, under t h e  same Ap value ,  w e r e  about 
3.5 t o  7 m/hr (about 1 2  t o  24 f t / h r ) .  The th ree  successfu l  t e s t s  

.with the  Colton sandstone were a l l . conducted  w i t h  t he  s tandoff  
dis tance f o r  t he  two extended nozzles  set  a t  t h e  1.6 c m  ( 0 . 6 2  i n . )  
value.  One run w a s  made with t h e  s tandard Smith Tool Co. 6 . 4  mm 
(0.25 i n . )  nozzles i n  t h e  extended loca t ions  and t h e  o the r  two 
tests were run with p l a i n  6 . 4  nm~ (0.25 i n . )  CAVIJET nozzles  
replacing the Smith nozzles .  
surement of penetrat ion rates may be gained by comparing the  da ta  
f o r  the two CAVIJET nozzles  i n  Figure 3 3 .  For the  second s e r i e s  
of tests conducted on t h e  Indiana l imestone a comparison was made 
of the performance of t h e  s tandard Smith Tool nozzles  when located 
e i t h e r  a t  the o r i g i n a l  design s tandoff  of 3 . 8  cm (1 .5  i n . )  versus  
the  added extension s tandoff  d i s tance  of 1 . 6  c m  ( 0 . 6 2  i n . ) .  A s  
seen i n  Figure 34 moving these nozzles  c lose r  t o  the  rock surface 
seems t o  measureably improve the  r a t e  of penetrat ion.  
i n  these t e s t s  t h e  smaller  s tandoff  d i s tance  provided higher  r a t e s  
of penetrat ion.  

sandstone considerably lower rates of 

It i s  seen from these  f igu res  t h a t  i n  t h e  Colton sandstone 

A f e e l  f o r  t h e  scat ter  i n  t h e  mea- 

Consis tent ly  

A comparison w a s  a l s o  made i n  these  tests on t h e  Indiana 
limestone of the  performance of p l a i n  CAVIJET 
CAVIJET nozzles provided with a 3.2 mm (0.125 i n . )  conventional 
centerbody. Results shown i n  Figure 34 with regard t o  t h e  r a t e  

nozzles  versus  

+ 

8 

. 
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NOTE : DISCHARGE OF SMITH 

NOZZLES IS 39% 
GREATER THAN CAVIJET 

- 0 : SMITH, TEST NO. 3 
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TESTS AT DRILLING RESEARCH LAB. 
BIT: 20 em (7-7/8 - in.) dio., TWOCONE ROLLER BIT (SMITH ) 
EXTENDED NOZZLES: TWO, 6,4mrn ( 3 -  in.) ORIFICE DIA. 
NOZZLE STANDOFF: 1.6 cm(5/8 - in.) (EITHER TWO SMITH, 

NOZZLE PRESSURE: 16.5 MPa (2400 psi) (NOMINAL) 

ROTATION: 60 RPM 
BIT WEIGHT: 44.5 KN ( 10,OM) Ib.) 
ROCK: COLTON SANDSTONE 

OR TWO CAVIJET NOZZLES) 

DRILLING FLUID:MUD, 1.1 grn/cm3 ( 9 . 3 ~ ~ )  . 

AMBIENT PRESSURE, pa ,  MPa 
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FlCURE 33 - COMPARISON OF PENETRATION RATES IN COLTON SANDSTONE, 
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DRILL B I T  TESTS 
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SMITH TOOL CO. TYPE A-1 
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FIGURE 34 - COMPARISON OF P E N E T R A T I P N  R A T E S  IN I N D I A N A  LIMESTONE, 
Ap = 16.5 MPa (2 ,400 psi) 
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of penetration were not considered necessarily typical since, as 
may be observed by examining the raw data in Appendix C, at lower 
values of nozzle pressure the centerbody CAVIJET configuration 
seemed to provide either higher or comparable rates of penetra- 
tion. 
considered to be within the scatter of the data, and hence should 
not be considered conclusive based on these minimal tests, 

These variances in the rates of penetration may indeed be 

"r 

To attempt to account for the different discharge coefficients 
4 of the CAVIJET nozzles and the Smith Tool Company bit nozzles these 

rate of penetration data were normaiized as seen in Figures 35 and 
36 .  Here we have plotted a "specific penetration rate" derived by 
dividing each rate of penetration by the actual hydraulic power 
delivered by only the two extended nozzles for each test, This 
particular normalization of the raw data was motivated by the usual 
practice of attempting to determine the proper hydraulic power in 
terms of the area of.hole bottom created by the bit. 
this bit contained three nozzles, the role of the center diffuser 
nozzle is to clean the cones (28) with little if any contribution 
either to clearing chips from the rock surface or weakening the 
formation by erosion, Hence, it was decided to exclude the hydraulic. 
power delivered by the center nozzle from the derivation of "specific 
penetration rate," 
of the Smith Tool Company nozzles is thus 'accounted for, a signifi- 
cantly more effective drilling efficiency is observed for the CAVIJET 
nozzles in both the Colton sandstone and the Indiana limestone, In- 
future tests, nozzle sizes should be adjusted so that the same actual 
flow rates of mud would be utilized at a given nozzle pressure to 

Thus, although 

It may be seen that when the greater discharge 

i 

allow direct comparisons of 
8 

penetration rates. 
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V I I .  GENERAL DISCUSSION OF RESULTS 

I n  t h i s  chapter ,  discussions w i l l  be provided of t h e  var ious 
experiment ained during t h i s  program. Relat ionships  
among thes  w i l l  be examined, as w e l l  as descr ip t ions  of 
how these  tests have served t o  def ine t h e  f e a s i b i l i t y  of using the  
CAVIJET c a v i t a t i n g  f l u i d  j e t  method to augment deep hole  mechanical 
d r i l l  b i t s .  

A. 

* 

c u t t i n g  tests conducted a t  DRL (see Cha 
der ive  an empirical  descr ip t ion  of the  
on t h e  averaged depth cu t t i ng  r a t e .  T 
t y p i f i e d  by t h e  curve i n  Figure 15 f o r  
CAVIJET nozzle.  However, i t  i s  of i 
d i r e c t  es t imate  of t h e  e f f e c t  of amb 
depth. 

To der ive an estimate of CAVIJET nozzle  c u t t i n g . a s  a funct ion 
of depth,  i t  w a s  f i r s  ecessary t o  s e l e c t  a ypica l  s e t  of con- 
d i t i o n s  as the  b a s i s  describing t h  on between cavi ta -  
t i o n  number and depth. A s  indicated s 
these cond 

Mud Pump: sure:  19.3 MPa ( 2 , 8 0 0  p s i )  
Mud flow rate:  1 7 . 7  l / s  (280 gpm) 

B i t :  Two cone l e r  b i t ;  20 cm (7 -7 /8  i n . )  d i ame te r .  

D r i l l  p ipe:  -11.4 cm (4% i n . )  

Liner :  20 cm (7 -7 /8  i n  , from sur face  down t o  450 m (1,500 f t )  

D r i l l  c o l l a r :  16.5 c m  (6% i n . ) ,  length:  140 m (450  f t )  

Nud: 1.1 gm/cm3 ( 9 . 3  ppg), water ed cp apparent v i s c o s i t y  
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Using this hypothetical drill string, the pressure losses 
qd in the system were estimated, and used to derive the net pressure 

drop available across the bit nozzles as a function of depth. 
Using these Ap-values, with the ambient pressure head, pa, the 
cavitation number (defined by Equation [2]) was obtained as in- 
dicated in Figure 37 for various mud weights as a function of 
depth. 

. 13.8 MPa (2,000 psi) would still be available at 1,830 m (6,000 ft) 
under these conditions. 

Note that even with 1.9 gm/cm3 (16 ppg) mud, a Ap of over 
*- 

To provide the estimate of depth effect,' a constant Ap of 
13.8 MPa (2,000 psi) was used, with a constant mud density of 
1.1 gm/cm3 (9.3 ppg) since these two approximations have off- 
setting effects. Thus, ,the-curve in Figure 13, for Ap = 13.8 
PPa (2,000 psi) was used to directly derive the depth dependence 
shown in Figure 38. 

It should be emphasized that this curve in Figure 38 tends to 
underestimate cutting rates at the shallow depths, since nozzle 
pressures well above the,assumed constant value of 13.8 MPa 
(2,000 psi) are available in many actual drilling rigs. 
curve tends to overestimate the roll-off in cutting rate with 
depths down to 1,830 m (6,000 ft) since the use of the constant 
Ap tends to exaggerate the increase of 
despite these deliberately conservative assumptions, this estimate 
of depth effects suggests that enhanced cutting rates by a 
CAVIJET 
(atmospheric ambient pressure), until depths of at least 1,200 m 
(4,000 ft) and possibly deeper. 

Also this 

with depth However , 

nozzle can be anticipated, relative to surface rates 

h 

* B. Cavitation Inception and Peak Cavitation 

As discussed in the Introduction, the scaling parameter 
known as the-cavitation number, a, can be used to describe the 

[w 
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degree of cavitation, and hence the erosive potential in any fluid 
&d dynamics situation. For understanding the potential t5f fectiveness 

of the CAVIJET method in cutting rocks downhole, o is thus the par- 
ameter which we can use to interrelate experiments conducted under 
a variety of conditions both under this program and by other in- 
vestigators. The definition for the cavitation number, as ‘given 
in Equation [ 2 1  will be used in this section, where, .as indicated 
by Equation 133 , the pressure drop across the nozzle is calculated 
by taking the difference between upstream and downstream pressure 
measurements. 

& 

b 

It will be seen from the following discussion that the concept 
of scaling by means o f u ,  and the Reynolds number R: 

c171 v d  R =  j 
v 

where : 
v = is the jet velocity, estimated from: v = d 2  AP/P , 

p = fluid density, Ap = pressure drop across the 
nozzle or orifice, 

j j 

d = is the nozzle or orifice diameter (corrected, where 
possible, for differences in discharge coefficient), and 

V = is the kinematic viscosity of fluid, 
can provide a consistent picture of the behavior of submerged cav- 
itating jets, 

Letui be the value of cavitation number describing a ratio 
of pa and Ap which allows the inception of cavitation in a sub- 
merged jet, i.e., for values of u larger than ui no cavitation 
bubbles can be seen (or heard). Thus , for downhole applications, 
below some depth u would ekeed ai and hhnce erosive effects from 
cavitation should no longer be expected, The curves as shown 

i 

d 

typically in Figure 15 suggest that ui i s  about 1.8 to 2.0 for 

105 



the plain 6 . 4  mm (0.25 in.) CAVIJET 

we let u 
in Figure 15 reach a peak rate pf cutting, then CI 

to be the value for this nozzle: The purpose of the following 
discussion is to show that these values of-oi and (I 
both with the.observations made at UCSD (see Figure,27), as well 
as measurements reported by Rouse (30 ) ,  Ball (31), Jorgensen ( 3 2 ) ,  
Lienhard & Stephenson (33) ,Kleinbreuer (26), and Lichtarowicz (2.7). 

used in the tests at 
DRL. The Reynolds number in these tests is about 1.2 x l o 6 .  If u 

represent the value of (I where curves of the type seen 
0 . 4  appears 

are cwsistent 

P 
P 

P 

0 

These studies, as seen in the summary in Table 4 ,  cover a 
range of almost three orders of magnitude in R and over two orders 
of magnitude in (I. However, when plotted, as in Figure 39, a 
well-defined trend is seen. The straight lines in this figure 
are plotted so that the relation between (I and R is: 

2 1 3  a a R  . 
Equation [18] is comparable to the relation: 

a d2I3 
i C191 

reported by Lienhard & Stephenson ( 3 3 ) .  
including estimates of the jet velocities (and viscosities, but 
since all of these studies considered by Lienhard & stephenson 
were in water, this was not a variable) a somewhat improved trend 
was derived. 

However we found that by 

f 

Thus, within rather large bands of uncertainty based on the 
necessity to estimate pressure drops (and the derived jet velocities) 
the orifices tend to have larger values of ai relative to the 
conventional nozzles which are constructed with long, gradually 

. 
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Reynolds 
Number, 
. R  

5.8 - 9.8 x 10' 
6.9 - 7.8 x 10" 
2.2 - 3.5 x 10" 
4.0 - 5.2 x 10" 
3.5 x lo' 
6.0 x 10' 

* 1.1 x 10. 

1:2 -. 1:6 x 10 6 

TABLE 4 
SUBMERGED CAVITATING JET STUDIES 

CAVITATION INCEPTION (WATER. V = 1 cs). NOZZLES I 
Cavitation 

No. 
0.55 - 0.60 
0,7 - 1.2 
0.2 - 0.4 
0.3 - 0.5 
0.4 - 0.5 
0.75 - 0.9 

0.24 

I OI3 - 0.6 

Source 
Diame t et 

cm 
Rouse (Ref .30) 

Velocity, 
103 -1s 

Ball (Ref, 31) 
3.8.1 
3.39 
0.95 
1.91 
1.91 
3.81 

0.32 

Jorgensen 
(Ref. 32) 

1.5 - 2.6 
2.0 - 2.3 
2.4 - 3.6 
2.1 - 2.7 

1.8 
1.6 

e3.4 Lienhard & Stephenson 
(Ref. 33) 

CAVITATION INCEPTION (WATER, v = 1 cs), ORIFICES 

3.18 2.0 - 2.9 6.4 - 7.3 x 10" 1 .o 
Ball (Ref. 31) 4.45 2.0 - 2.9 9,0 - 10.2 x 10' 1.2 

0.16 E3.4 10' 0.12 
0.32 b'3.4 e1.1 x lo" 0.2 

6.03 2.0 - 2.9 1,2 - 1.4 x 10" 1.4 

Lienhard & Stephenson 
R e f .  33) 

0.64 153.4 w 2 . 1  x 10' 0.58 

PEAK-EROSION CAVITATION NUMBER, NOZZLES 

Kleinbreuer (Ref. 26) 
Oil; v 0 50 cs 
Lichtarowicz (Ref.27) 
0il;v It: 2 cs 
CAVI JET@ 
Water, v = 1 cs 
Mud, v = 10 cs f 

0.045 22.4 2 x lo" 0.005 

'0.0477 13.9 - 22.0 3.3 - 5.2 x lo4 0.02 

0.64 16.8 1.2 x lo" 0.4 

I 

Ellis & Starrett 
(Ref. 25) 

I Jet 

Nozzle 

Leach & Walker k2.8 
Nozzle 

ss 1.8 x 10" I - 0 . 3  I 
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6 

t 

i 

4 

u 

tapering exits Inception for the plain CAVIJET nozzle, as 
measured by Ellis & Starrett (25) is, as expected, more nearly 
allied with the orifice inceptions. This is because, as shown 

converging bore and a short , orifice-like exit geometry. 

ities of the UCSD blow-down facility 

-schematically in Figure 1, the plain CAVIJET nozzle has a rapidly 

measurements to a range of Reynolds numbers about 
n order of magnitude lower than in the erosion tests at DRL, the 
curves in Figure 39 suggest how these ai results could be extra- 
polated. 
predicted ui's of about 1.8 to 2.0, the same inception suggested 
(see Figure 15) by our stationary-nozzle rock cutting experiments. 
Further tests, at full scale Reynolds numbers within the new 
pressure cell at HYDRONAUTICS (modified to allow observation of 
the inception) should be ducted to confirm this analysis. 
However, this model of th ffects of the various relevant fluid 
dynamics and nozzle parameters (Equation [18]) should serve as a 
useful guide to future optimizatio of new CAVIJET nozzle con- 

s that are'to be specially designed to increase ai for 
utilizations. 

As seen in Figure 39, this extrapolation results in 

C. Prediction' of CAVIJET Nozzle Performance 

The experimental results from the stationary-nozzle rock 
cutting t e s t s  at DRL (Chapter III), p s the stationary-nozzle 

and slot cutting results from the tests conducted in the pressure 
cell at HYDkONAUTICS (Chapter IV) , have provided a complete empiri- 
cal description of how the plain and ce 
types are affected 

rbody CAVIJET nozzle 

i) .ambient pressure, pa 

iii) velocity of translatibn of the jet, v.  
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In summary, the slot cutting depth, h', of these CAVIJET , -  

nozzles was found to to empirically predicted by the equation: LJ 

where: 
which depend on both the nozzle type and the erosion strength of 
the rock. With cavitation number fixed, h' and r' vary with changes 
in Ap in accordance with: 

hLx,r', and D are experimentally determined constants, 

* 

m ax 

1. 

and, as discussed 
from the h and T 

m ax 

in Chapter IV, h' and T' can be derived directly 
values for the stationary-nozzle rock cutting 

max 

tests. 
these parameters can be scaled as shown by a curve of the type 
shown in Figure 15. Thus, once h' and r'are known at Q = 0 . 4 ,  
for the plain CAVIJET nozzle, values of these two parameters at 
any other a.can be scaled down as a percentage of the peak value 
by using a curve as in Figure 15. 

To include the effect of changing the cavitation number,. 

P 

For instance, as shown in Figure 4 0 ,  the effect of varying 
Ap can be predicted for a given cavitation number. 
at any given translation velocity, as shown in Figure 41_, the 
effects of varying the ambient pressure at a fixed or varying 
Ap can be examined to explore, for instance, how the slot depth 
can be expected to change as the bit moves down-hole. Thus, from 
a sequence of stationary nozzle tests, sufficient only to define , 

the dependence of h and T on pa, Ap? and 0, and a single series 

Alternatively, 

s 

* 

max 
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of s l o t  cu t t i ng  tests a t  one value of (p , Ap), a complete s l o t  
cu t t ing  descr ip t ion  can be derived. a 

The t r a n s l a t i o n  ve loc i ty  of the nozzle  i s  determined, i n  a 
ro t a t ing  b i t ,  by t h e r o t a t i o n  r a t e  and the  diameter of t h e  c i r c l e  
of ro t a t ion  of t he  nozzle.  For ins tance ,  on the  two-cone r o l l e r  
b i t  used f o r  t he  tes ts  discussed i n  Chapter V I ,  the  two extended 
nozzles w e r e  loca ted  on a 1 4 . 3  cm ( 5 . 6 2  i n . )  diameter c i r c l e .  
Thus, a t  the  60 rpm used i n  these tests,  t h  a n s l a t i o n  v e l o c i t y  
w a s  about 45 cm/s (18 i ).. From F o r  a Ap = 1 6 . 5  ,?Pa 
(2 ,400  p s i ) ,  t h e  s l o t  depth i n  Indiana l imestone a t  t h i s  v e l o c i t y  
should be about 0 . 1 5  min. (0.006 i n . ) ,  f o r  (J.= 0.4 .  For t h i s  Ap, 
the  rates of pene t ra t ion  f o r  t h i s  b i t  ( see  Figure 3 4 )  were about 
4.3  t o  5.5  m / h r  (14 t o  18 f t / h r ) .  Thus, a t  60 rpm, t h e  depth cut  
by t h i s  b i t  on each revolut ion was about 1 . 3  t o  1 . 5  m/rev  ( 0 . 0 5  
t o  0.06 i n . / r e v ) .  
p l a i n  CAVIJET 
depth per  revolut ion.  h i s  may explain why, under these  condi t ions,  
the r a w  data  f o r  I J E T  nozzles (with t h e i r  lower del ivered 
hydraul ic  power) 
nozzles as  shown i n  

The predicted s l o t  depth f o r  eac of the two 
nozzles  was therefore  only about l / l O t h  of  t h i s  

t h a t  of t h e  s tandard Smith Tool Co. 

Although b a s i  nf  ormat ion w a s  obtained 
f o r  the  Colton san ame type of arguement a l s o  be 

the  reason- f o r  t he  observat ion t h a t  t h e  CAVIJET -augmented b i t  
provided, i n  comparison t o  the  s tandard nozzles ,  s l i g h t l y  higher  
r a t e s  of penetrat ion i n  t h i s  slower d r i l l i n g  rock (see  Figure 3 3 ) ,  
and subs t an t i a l ly  higher  s p e c i f i c  pene t ra t ion  r a t e s  
Here, s ince  the  pene t ra t ion  r a t e  i s  y about W h r  

.under the  same condi t ions,  t he  depth 
about 0 .64  nmlrev. (0.025 i n h e v . 1 .  Thus, i n  t h i s  case ,  with t h e  
CAVIJET nozzles  each possibly c u t t i n g  about 1 / 4  of. t h i s  amount, 

see Figure 3 5 ) .  

t per  revolu t ion  i s  only 
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substantial weakening of the rock could have been occurring -- 

comparable basic erosion behavior to that determined for Indiana 
limestone. 

D. 

if we can correctly assume that the Colton sandstone exhibits a u 

Extrapolation of Granite Cutting Results 

'The pressure limitations of the system developed at HYDRO- 
NAUTICS for elevated ambient pressure testing precluded effective f 

single pass slot cutting of granite. 
stationary nozzle testing showed that the Georgia granite was about 
20 times more resistant to erosion thgn-the Indiana limestone. 
In the latter part of the previous section it was seen that, for 
a Ap = 16.5 MPa (2,400 psi), substantial specific penetration rate 
improvement was provided by CAVIJET nozzle augmented bits, where 
the depth cut per revolution was about 0.64 mm/rev. (0.025 in./rev.) 
(60 rpm, ROP = 2m/hr (7 ft/hr)). The question to be explored here 
is: 
CAVIJET 
depths in granite to provide comparable improved penetration rates? 

As seen in Figure 24, 
f 

what pre'ssure drop across. the s&e 6.4 mm (0.25 in.) plain 
nozzle would be required to produce sufficient slot 

One approach would be to merely assume that the same relation- 
ship between cutting rate and Ap, as experimentally determined for 
Indiana limestone, also holds true for Georgia granite. Thus, the 
factor of 20 between the erosion resistances of these two rocks 
would be balanced by raising the pressure from Ap = 16.5 MPa 
(2,400 psi) to Ap, in accordance with Equation [SI: 

It should be noted that, since this type of power Taw dependence 
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f o r  erosion rate,  withceven higher values f o r  the exponent, has 
nozzles and other  cavi ta t ing  

devices under a va r i e ty  of s i t ua t ions ,  the  assumption t h a t  
fi  a ( A P ) ~ ' ~  holds f o r  elevated ambient pressure CAVIJET 
cu t t ing  of gran i te  has a good chance of being val id .  

'w frequently been observed fo r  CAVIJET 

nozzle 

An a l t e rna te  approach t o  estimating an e f fec t ive  Ap f o r  
* grani te ,  and one which fur ther  supports the assumption tha t  

fi a (Ap)'l f o r  n 2 3 i s  va l id ,  stems from data obtained during 
another investigation now on-going a t  HYDRONAUTICS (20) .  Several 
shales '  and s l a t e s ,  plus a grani te ,  have been subjected t o  i n - a i r  
s l o t  cu t t ing  with a small, centerbody configuration CAVIJET nozzle, 
ti determine whether the CAVIJET method.can augment the cu t t i ng  
act ion Gf mining machines which remove rock layers adjacent t o  
coal seams. 

The r e s u l t s  of such tests on a Cal i fornia  black grani te  are 
summarized i n  Figure 4 2 .  
c m / s  (0 .25  i n . / s ) ,  a Ap of 43.5 MPa (6,300 ps i )  produced a s l o t  
depth of about 0.76 mm ( 0 . 0 3  i n . )  with a 2 . 2  mm (0.086 in . )  dia- 
meter, centerbody CAVIJET nozzle i n  a i r .  Neglecting the f a c t  
t h a t  submerged operation of the CAVIJET nozzles generally in- 
creases the in t ens i ty  of cavi ta t ion ,  we w i l l  only account fo r  
t he  nozzle diameter difference by u t i l i z i n g  the r e l a t ion :  

Thus, a t  a t r ans l a t ion  veloci ty  of 0.64 

h '  a d 3/2 c203- . 

i f o r  scal ing the , s l o t  depth, h ' ,  f o r  increases i n  the nozzle diameter 
d. 

* (16). Thus, scal ing up from the 2 .2  mm (0.086 i n . )  diameter of 
the  nozzle used t o  produce the data i n  ure 42, t o  the 6.4 mm 
( 0 . 2 5  i n . )  CAVIJET nozzle used i n  t h e  esent study, a fac tor  
of ( 6 . 4 / 2 . 2 )  3/2 = 5 i s  obtained. 

Equation [20] was derived during s l o t  cu t t ing  t r ia l s  i n  coal  

Appl ied  t o  the observed 

li 
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w 
ROCK: CALIFORNIA BLACK GRANITE 
NOZZLE: 2.2 m m  (0.086 in.) WITH CENTER BODY 
MODE: IN-AIR; STANDOFF: 2.2 cm (0.88 in.) 
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FIGURE 42 - EFFECT OF PRESSURE ON SLOT C U T T I N G  OF 
GRANITE WITH A CAVIJETQ NOZZLE 



i 

h'= 0.76 mm (0.03 i n . )  depth i n  Figure 42 ,  a s l o t  depth of 3 . 8  mm- 
(0.15 i n . )  i s  predicted f o r  the 6.4 m - ( 0 . 2 5  in . )  p la in  CAVIJET 
nozzle a t  a Ap = 43.5 MPa (6,300 psi) ,with a t rans la t ion  velocity:  
v = 0.64 cm/s (0.25 i n . / s ) .  

One l a s t  s tep  remains, namely t o  estimate what s l o t  depth 
ipated f o r  v = 45 cm/s (18 i n . / s ) ,  the t ranslat ion 

'veloci ty  of the  
i n  the previous ion. This es by using t h  
types of curves given i n  Figure 4 s fo r  lower 

-0ffs with respect t o  increases i n  trans- 

extended nozzles i n  the b i t  < .  t e s t s ,  as discussed 

conservative estimate of what may happen i n  
gran i te  a t  a Ap = 43.5 MPa (6,300 ps i )  w 
the Ap = 10.4 MPa (1,500 psi)  curve i n  F 
t he  s l o t  depths a t  v = 0.64 and 45 cm/s 
s l o t  depth decr e fac tor  of about 3 2 : l  i s  p r  ted Finally # 

using t h i s  Factor of 32 t o  reduce the h = 3 . 8  mm (0 
a t  the lower veloci ty ,  a s l o t  having a depth: h '  = 0.12 mm 
(0.005 i n . )  i s  predicted fo r  the grani te  a t  v = 45 cm/s (18 i n . / s ) .  

e derived if we use 

18 i n . / s )  , a 

i n * )  depth 

Compare t h i s  depth with the estimated depth: h '  = 0.15 mm 
(0.006 in.)*,found t o  be an e f fec t ive  value fo r  the A p  = 16.5  MPa 
(2,400 ps i )  d r i l l  b i t  t e s t s  i n  Colton sandstone a t  an ROP of about 
2 m/hr (7  f t / h r ) .  Thus it i s  seen t h a t  t h i s  estimate fo r  gran'ite 
produced a comparable s l o t  depth prediction, at the  same RPM and 
nozzle location, but with Ap = 43.5 MPa (6,300 ps i ) .  
an admittedly c i r c u i t o h  derivation, based on an independent s e t  
of experiments, and requiring scaling the e f f ec t s  of nozzle s i z e  
and t rans la t ion  velocity.  Hence, achieving essent ia l ly  the same 
r e s u l t s  as  the simple (AP) 3*1 scaling approach, would seem t o  
enforce a feel ing fo r  the v a l i d i t y  of the various assumptions which 
had t o  be made, 

This w a s  

This t y p e  of derivation should be ver i f ied  with su i tab le  

+Gee Page 46'. 
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full-scale testing in hard rocks before final conclusions can be 
drawn. 
lations were based upon a number of empirically derived relations. 
Thus, although these relations were sufficient to meet the objec- 
tives of this phase.of the program, namely to determine the feasi- 
bility of effectively using cavitation erosion in submerged jets 
operating under high ambient pressures, much remains to be learned 
about the basic mechanisms which are contributing to these experi- 
mental observations. A full understanding of both nozzle design c 

parameters and the jet-rock interaction process must be sought 

It must also be emphasized that these performance extrapo- ,Q 

* 

if maximum gains are to be made from this attempt to exploit cavi- 
tation erosion for deep hole drilling. However, the experimental 
rekults already obtained, plus the foregoing.extrapolations, 
strongly suggest that moderate pressure increases in Ap can allow 
the CAVIJET cavitating fluid j e t  method to achieve sufficient 
erosive intensity to improve drilling rates in hard, geothermal- 
well rock formations. 
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VIII. CONCLUSIONS AND RECOMMENDATIONS 

From the experimental results and analyses performed during 
this program, it may be concluded that the CAVIJET cavitating 
fluid jet method can successfully augment the cutting action of 
mechanical bits under deep-hole conditions. 
clusion is based on the following specific conclusions drawn from 
this study: 

This general con- 

a. 

b. 

C .  

d.  

Elevated ambient pressure can enhance the erosive action of '  
CAVIJET cavitating fluid jet nozzles. For instance (see 
Figure 38), at a nozzle pressure drop Ap = 13.8 MPa (2,000 
psi), increased cutting rates, relative to atmospheric pres- 
sure results, can be anticipated until hole depths of at least 
1,200 m (4 ,000  ft) and possibly deeper. Nozzle size and 
configuration, as well as jet velocity (or Ap) and fluid 
properties; affect cavitation inception (see Figure 3 9 ) ,  
and hence the effective ambient pressure (or hole depth) 
range f o r  this increased rate of erosion. 

The CAVIJET 
not adversely affected by substituting a water-based drilling 
mud for the working fluid instead of water, for mud densities 
up to 1.4 gm/cm3 (12 lb/gal) . 
The same strong dependenceson nozzle pressure for CAVIJET 
cavitating jet erosive cutting rates, seen in atmospheric 
ambient testing (21, 22), was also observed under elevated 
ambient pressures (see Figure 14). Thus, increases 'in Ap 
tend to produce proportionately larger increases in the 
cutting rate, h,  since fi 0: (AP) 3'1 has been observed for a 
plain CAV'IJET nozzle. 

CAVIJET nozzles, at elevated ambient pressures, produce 
more effective rock cutting in comparison to conventional 

cavitating jet erosive cutting performance is 

/ 
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nozzles operated under the same conditions (see Figure 16); 

sures (see, for instance References 16, 17, 21). 

The optimum standoff distance for CAVIJET nozzles decreases 
with increases in ambient pressure. At pressures above about 
3.5 MPa (500 psi), this standoff should be about two to three 
nozzle diameters (see Figure 2 9 )  to maximize the cutting rate. * 

This result simplifies the design of diamond bits which are to 
be augmented with CAVIJET nozzles, but may create design dif- 
ficulties with roller bits, 

this has also been observed under atmospheric ambient pres- u 

e. 

* 

f. Improved rates of penetration should be achieved by substi- 
tuting CAVIJET nozzles of the type tested for conventional 
nozzles in roller bits (see Figures 33 through 3 6 )  if the noz- 
zle sizes are selected so as' to absorb equal hydraulic power, 
Centerbody CAVIJET nozzles produce a greater improvement than 
plain CAVIJET nozzles. 

Pressures in the range of Ap = 43.5 MPa (6,300 psi) were 
extrapolated to be sufficient to allow.CAVIJET nozzles to 
improve the drilling rates of mechanical bits in hard (granite) 
rocks. (See Chapter VII, Section D.) 

As a result of the success of this feasibility phase, it is 

g .  

recommended that an optimization effort should be , initiated, with 
the following objectives: 

a. 

b. 

120 

Development of CAVIJET cavitating fluid jet nozzle configura- 
tions which are optimized for deep-hole rock erosion, and are * 
compatible with mechanical bit'designs, 
flow visualization studies should be used to reach this ob- * 

jective. 

Optimization of CAVIJET nozzle augmented bit configurations, 
both roller and.diamond bits, by means of laboratory and 
field trials of various experimental bit concepts, 

Both rock cutting and 
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Parameter Peak Value 

Average cutting rate 
Volume removal rate ‘ 

Cutting rate effectiveness 
Volume removal effectiveness 

4.6 x 10-2cm/sec 
2.8 x lO-’m’/hr 
2.0 cm/kw-hr 5.0 x 10-2ft/hp-hr 
3 . 1 cm’ /kw-hr 

1.8 x 10’-2in./sec 
1.0 x 10-2ft3/br 

8.2 x lo-’ ft’ /hp-hr 

Average cutting rate 
Volume removal rate 
Cutting rate effectiveness 
Volume removal effectiveness 

4.1 x 10-2cm/sec 
1.8 x lO-’m’/hr 
2.0 cm/kw-hr 
2.8 a’ /kw-hr 

1.6 x 10-2in./sec 
6.4 x lO-’ft’/hr 
5.0 x lO-’ft/hp hr 
7.5 x 10” ft’ /hp-hr 

t 

I 

TABLE A-1 
PEAK VALUES USED FOR NORMALIZATIONS~ 

’ CAVIJET b 
Nozzle Type . -  

A-1 I A-2 Plain 

Centerbody‘ 

“To derive the curves for the fi’mres listed in this table. These Deak values are from the station- 
ary-nozzle tests at the nozzle Fressure: A p  - 17,2 MPa (2,500 psi); conducted on Indiana limestone 
at D.R.L. 

bThese nozzles had an orifice diameter of 6.4 mm (0.25 in.) 

‘The centerbody for this nozzle had a diameter of 3,2 mm (0.125 in.) 
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TEST AT DRILLING RESEARCH LAB. 
AUGUST 1978 

NOZZLE: CENTERBODY 6.4 mm (0.25 in.) CAVIJET 
STANDOFF DISTANCE:, 1.6 cm (0.62'in.)' 
DRILLING FLUID: MUD, 1.1 gm I 0 3  ( 9.3 ppg) 
ROCK: INDIANA LIMESTONE 
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- 
Ap = 7.2' 2 0.7 MPa (1050 2 100 psi) 
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17.2 f 0.7 . .  MPa (2500 f 100 psi) 
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FIGURE A-5 - SCALING THE STATIONARY-NOZZLE TEST RESULTS 
, FOR CENTERBODY CAVIJET NOZZLE 
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STATIONARY NOZZLE TEST #6 
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NOZZLE CAVITATION AVERAGE AVERAGE Q' gpm Pi' hp 
PRESSURE NUMBER VOLUME DEPTH 
DROP, 0 = pa / Ap * REMOVAL CUTTING (See . 

RATE, RATE EQUATION 
V AP = Ps - Pa, 

SEE TABLE 1 
IN  MAIN TEST, 
FOR LISTING OF 
NOZZLES I N  EACH 
LOCAT I ON 

RUN NOZ. ANB. CAV. T I M  VOL. REM- VOL. PER. DRILL OHILL FLOW POWER 
NO. PRCS. PHES. m, RATE EFF. RATE RnTL EFF, RATE 

NOZZLE A 0.33%-02 0.112E-03 0.322t-02 0.45QE-01 35.1 21.2 

::204E-U2 0.906E-UI NOZZLE C 
n 272E-n2 0.1~ir-03 0.50_9~-02 O,737f,Ol 3 5 ~ 2 0 , 7  
D . ~ O Q E - O ~  0.11~~-OJ 3 . ~ 2 8 ~ 0 2  r~.7ih~-oi 30.3 17.9 

D 23nc-02 O . ~ O ~ F - U S  0 . ~ m - 0 2  o.sPx-ni 37.3 21.9 

1 1038. 128. 0.123 3.8.6 

0.136E-02 0.742E-0'+ 0.161E-02 0.262E-01 30.3 18.3 -NOZZLE B 
lO2E-02 00936E-04 

1010. 1S8. 0.156 37.3 

0.136E-02 0.719r-04 0.22lE-02 0.382E-01 33.1 18.9 

CUTTING RATE 
EFFECTIVENESS 

ft/hp - hr 

eh = ti/Pi8 

DRILLING VOLUME REMOVAL 
TIME, EFFECTIVENESS 

= V/Pi, ft3/hp - hr A t ,  sec eV 

AMBIENT 'L f 
(BOREHOLE) 
PRESSURE, 
Pa, Psi 

FIGURE A-20 - EXPLANATION OF PROCESSED .DATA LISTINGS 
FROM STATIONARY-NOZZLE TESTS 
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PRESSURE 
MEASURED 
AT SWIVEL 

QT, gpm 7 HOLE 
VOLUME \ AV, c m 3 7  

\ SEE TABLE 1 IN  MAIN 
TEXT, FOR LISTING OF 
NOZZLES IN EACH --.DEI'TH ' ' '  VOLUME ' 

C.C. * LOCATION IN.. 

h 
RUN NO, PUMP BOREHOLE TOTAL 

SWIVEL P. :PRES. FLOWRATE. 

AMBIENT PRESSURE 
IN TEST CHAMBER 

Pa' Psi 

DEPTH 
Ah, in. 

FIGURE A-19 - EXPLANATION OF RAW DATA LISTINGS 
STAT IONARY-NOZZLE TESTS 

FROM 
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- RAW DATA FOR STATIONARY - NOZZLE - 
TEST NO 1 

RUN NO, PUMP DORCHOLE TOTAL . OEPTH VOLUME 
SGIIVEL P o  PRES. FLOWRATE IN. C.C. 

3 

i 

0.12 0 . 3  

W 

0.06 0.1 

0.19 0.8 
0.16 0.6 
0 . 0 9  ~ 0.4 
0.16 0.7 

0.16 0.8 
0.12 1.0 
0.22 113 

0.06 0 .1  
0.06 O I O  
n.03 0.0 

4 2150 . 460 285 

0 . 0 6  0.0 

0.09  . 0 02 
5 1621 620 217, 

0 . 0 6  - 0 ._2 
11.06 0.2 
0.06 0.3 

6 1596. 629. 264 - 
0.12 0 0 4  
0.12 0 . 3  
0.16 0.4 
0.12 0.6 

0.19 1.0 
0.19 0 08  
0.19 0.5 
0.16 0.6 

0.16 0.2 
0.19 0 ._2,--- 
0.09 0.2 

7 1597. 625. 262. 

. 
- 

8 2065. 1107. 260 

9 2060 1081. 245 e 
.1 

0.22 0.8 
0.19 0.6 
0.12 0.3 
0.12 

0.19 1.0 
0.09 0 04 

0.3 

0.19 0 04 

, - 
0.3 

- 
1077 230 

0.12 0.7 .- 
1 0  2050 . 

-- 0.12 - 
11 3125. 1250. 330. 



id 
. . .  TEST NO 1 (concluded) -- 
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PROCESSED DATA FOR 
STATIONARY -NOZZLE 

- -  

TEST NO 1 .~ 

RUN NO20 ABQ. CAV. TIME VOL. REM. VOL. RE#* D R I L L  - DnfLL FLOW POWER 
NO. PRES. PRES. NO, R A T.E EFF RATE RATE EFF. RATE 

1 1038. 128. 0.123 18.6 
n.?39E-02 0.112E-03 0.322E-02 0.454E-01 35.1 21.2 

151 



n.494E-03 0.13hC-04 n.155E-02 O.12PE-01 63.5 36.3 
11 1875. 1250. 0.666 12.0 

0.317E-02 0.318E-04 0.999E-02 0.300E-01 91.2 99.7 
1075. 1250. 0.666 r2 .n  - 

- -  
0.1 

r 
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RAW DATA FOR 
STAT IONARY-NOZZLE 

TEST NO 2 

8 
YII 

0.38 2.1 

* CRACK THROUGH HOLE 

- -  ail, 153 



._ 

PROCESSED DATA FOR 
STATIONARY-NOZZLE 

TEST NO 2 

-.. _- 
, "  

154 ' 

Li 

f 

t 

t 

tr 



i 

i 

1 

d 

RAW DATA FOR 
STAT I ONARY -NOZZLE 

TEST NO 3 

-- 

- Note: Runs 1 to 5 were with water 
RUN NO. PUMP GORCHOLE T O T A L  DEPTH VOLUME 

ShIVCL P o  PRES; FLOWRATE IN. c ..c . 
1 1136. 137, 154. 

0.03 0 t2-- 
0.03 0.1 
fl .00 0.0 

. o . o o ! ~ ~ ! -  
- 2  1714. 269 . 192 

0.06 0.4 
0 . 0 6  0.2 
0.00 0.0 / 

-- 
0.19 1.3 
0.16 1.0 

0.12 
4 2973 365. 260 

0 .13  1.0 1 

0.16 2.4 
0.06 0.4 
0 L2 0.4 

0.56 5.2 
0 a! 7.6 - 
0.31 2.8 
0.19 1.8 

0431" ' 1.4 
0.19" 2.3 
0.25 ' 1.4 . 0.22 1.0 

0 -26 1.2 
0.12 2.4 
0.19 0.7 
Or25 0.8 

0.19 0.8 
0.19 2 50 
0.22 0.6  
0.19 0.6' 

0.12 1.1 
0.16 0.9 
0.09 0.5 
0 1 0 9  0.6 

5 3947. Q52. 278. 

6 1116. 227, 175 . 

7 1727. 306. 210 . 
0 2313. 370 238. 

9 2865. 445. 260 

10 1432. 499. 



TEST NO1 3 (continued) 
0.47 4.1 
0.31 %L!!-- 
0.28 1.8 

- p , 3 1 1 . L f _ - -  
n.19 2.4 
0.19 1.2 
0.2% O !  

0 ;31 1.6 
a.19 2.0 
0.19 1-0 
0.1s 1.0 

0.19 1.2 
0.16 1.4 

12 1576; 705.  186. 

13 2062. 681 218. 

14 3784. 9 -a. 353. 

0.16 0.7 

. ,  n.35 2 - r 9  
0.25 2.2 
0.31 1.2 

2392 985 . 228 15 

.,200. x 

1 * 8  
a . is ,  3 L -  
0.31 

0.25 1.2 
0.28 1.6 

L - i f k g 7  --.------ 
0.16 0.7 
9.12 1.2 

0.4 
0.09 0.5 

n.25 1 tQ 
0.167 1.1 
0.19 0.8 
0-19 A L L - , ,  

0.31 1.6 
0.12 1.4 
0.19 0.8 
0.19 1.0 

0.44 1.4 
0.38 5.2 
0.31 1.0 
0.38 1.8 

16  96%. 1094. 

- 

, I  . "  

18 4196 1293. 315. 
- _ _  

19 3956. 1591. 296 

20 2981. 1582. 347. 

21 '2482 1583. 215. 
0.30 3,. 2 
0.44 5.4 
0.25 1.6 
0.38 1.5 

0.25 1.0 
-22 4027. 1928. 325. 

\ 0.12 1.6 
\ 0.16 0.6 I 

m 

I 
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TEST NO 3 (concluded) 
0.28 1.5 
0.38 , -- --- -24.7 - 

268. 

-. Q a ! k ! L  -6 r4, 
~ 0.56 3.1 

0.38 2.6 

24 3734 . 2335, 

0.50 3 $4 

0.31 1.5 
c 0 a 2 5  3.1 

- I 1.1 
A 26 5265 e 2713. 

25  4973. 2573.  320. 

-- ~ - -..--Q-.BL Lt-,-- 

hL- 
0.25 3.0 

0.38 2.0 
0.34 2.2 

26 -- 3227. 1 

0.19 1.0 
0.22 1.0 

29 4750 s 1643, 367, 
-- -- n.25 1.*5 - 

a.28 2.4 
0.25 U.8 -- 0.31 112 

30 3018. 2077. 253 e 
0.50 2.4 

7.4 0.38 ._I-.- 
0.38 2.4 
0.41 2.2 

0.12 0.5 
0.09 1.1 
n . i f i  "23--- 

0 . 6  

0;56 ?L-- 
s n.53 3.4 

n.59 32-0 

0150 2.0' 
n.50 10.0 
0.50 2.5 
0.50 2.5 

31 4566. 2094. 368 -- 

4 32 4501. 3129, 315, 

11.50 13.0 

33 5132. 3 6 15e 303. 

- 
34 5075 3548. 308 

0.50 

~ 157 



PROCESSED D A T A  FOR 
S T A T I O N A R Y  -NOZZLE 

T E S T  NO 3 

N o t e :  R u n s  1 to 5 were w i t h  w a t e r  

1 999. 137. 0.137 210.0 
0,120E-03 0.610E-05 O.142E-03 O.21hE-02 34.0 19.8 
0.604E-04 0.187E-05 0.142E-03- 0.132E-02- 55.4 32.2 . 
P.000E 00 0.000E 0 0  0.OOOE 00 O.!>JE 00 34.0 19.8- 
O.OOUE 00 U.OOOE. 00 0.000E 00 0 , 0 0 0 ~ 0  3 0 3  17.8 

2 1445. 269. 0.186 67-9 
1- - _ _  . .. -~ - .  

. n.756E-03 0.211C-04 0.892E-03 0.749L,!J2 42.3 - 35.7 
0.378E-03 0.649E-05 .0.892L-03 0.459E-02 69.1 5R.2 
n,oooc 00 O.OOM 00  0 . 0 0 0 ~  00 0 . 0 0 0 ~  00 42.3 35.7 
O.000E O @  O.OOFE 0 0  0,oOOE 00 0 , O ~ O E  00 30.1 32.1 - 

3 2035, .-291* 0.142 29.1 
0,567E-02 0.941E-04 0.652E-02 0.324E-01 50.7 h0.2 
9,436E-02 Oe444E-04 0.549E-02 0.167E-01 82.7 98.2 
0,573E-03 0.144E-09 0.412E-02 00205E-01 50.7 60.2 
O.17SE-02 0.322E-04 0.412E-02 0.228E-01 65.6 54.1 

0;510E-02 0.584F-04 0.535E-02 0.1!-.f-91 57.4 87.3 
. .  O.453E-02 0.577E-04 0.107E-01 0.409- 51.6 78.5 

5 2995. 452. 0.150 97.0 
0,140E-01 0.131F-03 0.'119E-01 0.333E-01 61.3 107.2 
c . 2 SE- 11 1 0.1 i7E - o 3 0.1 n a  - u 1 o .TiTE-O1i n o . o 1 7 - 4 7  
0.756E-02 0.705E:-04 0.659E-02 O.lB4E-01 t1.3 107.2 
n.48C.F-C2 0.50s-04 O.404f-02 O.125E-01 55,l 96.4 

Pe844E-03 U.425C-04 0.137E-02 0.222E-01 30.3 19.8 
0.136E-02 0.777E-04 0.902r-03 OmlSlE-01 34.4 17.8 

Ce603E-03 0.182E-04 0.104E-02 0.946E-02 63.9 33.1 

c.226E-02 0.591E-04 0.238E-02 0.18cO1 96.2 38.3 
Oa453E-02 0.131FT-03 Om17RC-02 0.155E-01 41.5 3404 f 

6 889. 227. 0.255 210.5 

0 . 844 E- o 3 o . 4 2 5~ -0  4 o . 1 iEE--FOTi79C=oT3Ti9Tb- e 

7 1421. 306. 0.215 67.2 

15 8 



---.-__I--- .’ ’’ 0.709E-02 O.R7&E-04 0.609E-U2 0.226E-01 .S7.2 80.7 
0,560E-02 0.799E-04 0.812E-02 0.335E-01 51.4 72.5 

20 1399, 1582. 1.130 133.3 
Oa133E-02 0.355E-04 0.330E-02 0.264E-03 45.9 3f.Y 



30 941. 2077. 2.207 361.0 
O.RQ4E-03 0.393E-04 0.138E-02 O.133E-01 39.2 P1.5 
0.26 n E- 02 u . 134E - 03-%;1~=ii2TlKZE - 0 l 3 5.23;3- 
0.84QE-03 0.392E-04 O.lO5E-02 0.146E-01 39;2 21.5 
0,774E-03 0.101E-04 0.113E-02 0eQ45E-02 139.3 76.4- 

no577E-O2 0.694E-04 0.109E-01 0.393E-01 57.6 83.1 
0,127C-01 0.169C-03 0.818E-02 0e320E-01 51.8 74.7 
0 . 57 7E - 0 2 
tre692E-02 0.239E-04 0.145E-01 0.150E-01 200.7 289.4 

31 2472. 2094. 0.847 11.0 

0 69 4 E- 0 4 0 14 z - r C 5 2 4  k - 0 1 57-.=3.1 

33 1372. 5129. 2.280 240.5 
n.179E-0% U.492F-04 0.232E-U2 0.191E-01 45.5 36.4 

33 1520. 3612. 2.376 241.2 
.._ ..-. ..... .. . .. . ... . .  . ..... . . . . .  , . ..... . -. -_______... , . .  . .  .. . . .- .- . . .-- . . . . . . . . .- .--I . ._-. . . .  - 

160 

c 

r, 

L 



~ ~ 

n,126Ec02 0.404E-04 0.155E-02 0.149E-01 43.5 31.2 
* 0,441E-02 0.157E-03 0.127E-02 0.136E-01 a9.1 28.0 

- -- 34 w 7 .  3846. 3.136 3 77 -4 
n.126E-02 0.404E-04 0.155E-02 0.149E-01 43.5 31.2 

t 0.44lE-02 0e157E-03 0e127E-02 0.136E-01 a9.1 28.0 
' O.alOE-@2 0.353E-04 0*1sE_-02  O-JLQF-01 "3.5 31,2_- 

3.114E-02 0,879E-05 0.192E-02 0.'+'+3E-02 l a l . 6  129.9 , 



.-- I _  - RAW DATA FOR 
STAT IONARY-NO ZZLE 

TEST NO 4 

-- - - ---. - 
RUN NO. PUMP BOREIIOLE TOTlrL DEPTH VOLUHI: 

SWIVEL P e  PRESr FLOWRATE IN. C e C e  

1 1175. 140. 135. 
0.50 4.4 
0.57 2.6 
0.55 4.3 

0.43 2.2 

0.41. 2.7 

---,?e9 - 
- @.39 2-*2-- 

.- 3 4 3 5 0 -  

2 1380. 200. 148. 

300 - * 0.42 l.*?. 

2.9 
"l9d. 1 '  

Om43 
Om37 2.3 
0 . 3 3  2.2 

1.3 0.32 . .- -135. 
n.53 3.2  .. 4 1400. 365. 

0.47 2.0 
0.46 2.5 
n a  2 c3 - 
n - 3 8  t .L- 

. ," 5 2850 370 225 
0.42 A 2.9 

0.34 2.2 
0.43 2.1 

6 3sao. 3% - 195. 
' 0.36 2.1 

0.35 2.0 
0.37 2 e l  

0.37 1.6 
7 3250. 395. 230. 

- 1.6 
0.32 1.9 
Om31 1.5 

9 3650 . 600 . 230. , 
0.74 4.7 
O m 8 3  4.3 
0.65 4.9 
0.79 4.3 - ~ .  

10 3100. 660. 318. 
3.37 1e3 
0.38 1.8 
0 ;35 2.0 
0 c27 1 e 4  

0 i 3 6  '2.3 
11 2800. 720. 195. 

162 



f 

- . TEST NO 4 (continued] 
0.39 1e7 
0.35 . 2.2 
0.34 1.7 

0.49 3.0- 
1.7 0.42 

0.48 * 2.1 

0.45 2.0 . 
0 05% 2 eo 
0.57 1.9 
0.65 2.2 

0.60 
0.47 2.6 

L. ._--- 
12 1730 740 137 - 

0.42 2 e 9  

- 
13 2300. 750 168. 

. -- 
14 4100. ’ 760.. 245. 

0.0* 
I 

0.44 2.8 

0.28” 1.6 
0.25 0.9  
0.21 1.0 
0 e 2 7  0.8 

- 0.52 2.0 - 
16 2020 1010. 138. 

18 2950 1010.  

0.84 5.1 
0.73 4.0 
0 r72 4.6 
0.83 4.3 

0.55 4.0 
0.47 2.3 

. 20 4300. 1290. 240. 

\ 

0.22 1.2 
0.22 1.0 

/ - 0.19 1.0 
0.16 0.6 

0.42 2.0 
0-34 1.8 
0.31 1.8 
0.18 1 e 5  

0 e56 
0.53 2.8 

22 3050. 1500. 170. 

23 3500. -- 155b 195. 1 

5.6 , 
----- 



TEST NO 4 (continued] 
0.48 2.5 
(1.52 2.7 

0.40 2.8 
0 . 9 L ? t 2  
0.32 1.5 
0.33 1.3 

24 39500 1530. 218. 

25 $450.  1530- 740. 
1.19 0.8 
1.11 7.2 
1.06 7.5 
1.14 7.0 

0.7P 5 . 3 -  
26 5000. 1940. 232 . 

. 0.87 5.6 
0.86 5.5 
n.07 4 6-- 

0.62 3.1 . 
0.46 Z T L  
0.48 2.6 
0.57 2.5 

4000. 2n5o. 195. ..---- 
3.7 

3.6- 

27 3000. 2000. 130. 

28 
,0059 

0.99 3.0 
. 29 4450. 2010. 215, - 1 . 3 n 1 0 - % t !  - 

1.08 813 
1.05 ~6.9 

. ,  0,9P ' 5.7 

0.62 6.1 

o . a r  I 5.8 
'0.87 4.6 

1.08 6.4 
0.87 4.8 

0.74 4.7 

0.a7 5 t-o___- 
0.68 3.7 
0.61 3.2 
0.73 3.2 

0.27 1.6 
0.27 - 1.6 
0.27 1.5 
0.31 1.5 

0.55 3.6 
0.55 3.0 
0.40 2.7 
0.53 5.7 

30 5300. 2300 233. 

n.93: 

31 4950. 350n. I 315. 

0.65 6.6 

32 5400. 2950 . 217. 

33 3950. 30100 127. 

34 4400. 3000. 160. 

35 5250. 3300. 191 . 
a 6 3  .-_- 3.rRC!-- 
0.59 3.0 
0.62 3.8 

. 

+ 

c 
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u 

i 

4 

- -- 
TEST NO 4 (concluded) -___.. ---I 

0.58 2.8 . -  

- 36 5230 3950 e 155 _I 

14.0 1.30 
1.16 12.0 

c 

* CRACK THROUGH MOLE 



PROCESSED DATA FOR 
STAT I ON ARY -NO 2 2 LE 

TEST NO 4 

RUfJ NOZe ACB. CAV, TIME VOL. REM. VOL. REM. DRILL DRILL’ ’ FLOW POWER 
NO. PRES.’ PRES, NO, RATE EFF . RATE R3-E EFF. KATE 

2 1180. 200. 0.169 137.~1 

Q.281E-02 0.102E-03 0.336E-02 0.36CE-01 40.0 27.5 
0.177E-02 0.7695-04 0.344E-02 O.Q6&01_32.5 22.4 

n,lllE-01 0.202E-03 0.130E-01 0.710E-01 48.3 55.0 
3 1950. 300. 0.153 33,o 

~.Rl_5E-02 0.160E-03 0.112C-01 0_.$E~z,E-01 48.3 55.9- 
0,646E-02 Oe144E-03 O.999E-02 0.513E-01 51.3 58.4 
0.500E-02 0.105E-U3 0.969E-02 0.611E-01. 41.R 47.5 

Y 103s. 365, 0 .  353 2 1 1 - n  ----- 
n.19Fi-02 O.92RE-04 0.251~-02 0.363E-01 34.3 2 0 . 7  

n.150~-02 0.68?~-04 0.21Rf-02 0.296E-01 36.f 22.0- 
0.130E-02 U .771E-04 0.246E-02 0.412E-01 29.73.9 

0.120E-02 OeSROE-04 0.222E-02 0.321E-01 39.3 20.7 

5 2480. 370. 0.149 16.8 
0.219E-01 0.264E-03 0.250E-01 0.904E-01 57.3 !:-~9- 
0.166E-01 U.200E-03 0.226E-01 0;818E-01 57.3 82.9 

O.lSBF~-Ol 0.221E-03 0.255t-01 0.107C 00  r9.5 71.6 

0,655E-02 0.139E-03 0.115E-01 Os566E-01 49.6 61.1 

r1.166~-01 O.1RBE-03 0.202c-01 0.689E-01 60.8 88.0 

6 2110. 390.  0.184 31.2 

o e14c-02 0.133~-03 0.112~-01 0.550f-0349.6 62.2 L 
~:l5?&-02 0.131E-03 0.865E-02 O’;dg9c-Ol 52.’i 6 4 . r  
0.732E-02 0e138E-03 OellRE~Ol 0.673E-01 42.9 52.8 

0 1440, -560. 0.388 81.3 
n,296E-02 0.R67C-04 0.355E-01 0.905E-02 40.7 34.2 
n.2SoE-02 u . 7 3 0 ~ ~ 4  0.4fi7~-02 0.409E-01 40.7 34.2 



,- 

9 3050. 60 0 .  0.196 46.3 , 
0.129E-01 0.124E-03 0.160E-01 O.ufim1 ' 58.5 109.2 

s l l 8 E - 0 1  0.13lE-03 0:170E-01 0.569E-01 50.6 90.0 

fj.ll8E-Oi O.ll3E-03 0.179E-01 0.517E-01 58.5 104.2 
.134E-01 0.131E-03 0 140E-01 0.381E-01 C2c2 110.6 

10 2440. 660. 0.270 21.U 
0.771E-02 0.976E-04 0.172E-pl 0.656!.-0-1- 55.5 79.0- 
0.106E-01 0.135E-03 -0.177E-01 0.674E-Dl 55.5 79.0 
@.118E-01 0.141E-03 00163E-01 0.584E-91 58.9 83.9. 
n.831E-02 O.121E-03 O.126E-01 0.554E-01 47.9 68.2 

11 2080. 720. 0.346 36.2 
0,807E-02 0.133E-03 0.994E-02 O.495E-01 49.6 60.2 
0,596E-02 0.99CF-04 O.lO7C-01 0.536E-01 49&-kOv.-?- 
0,772E-02 U.12OF.-03 0.966C-02 0.433E-01 52.7 63.9 
0.596E-02 0.114E-03 0.939C-02 0.541E-01 42.9 52.0 

990* 740* 0*747 2"2*p n.156E-02 0.778E-04 0.201E-02 OTOx-01 34.8 2 U r  
0.889~-03 O.UI~E-OY o.i72~-02 0.257E-01 14.8 20.1- 
n.151~-02 O.~O~E-UY 0.172E-02 0.242E-01 37.0 21.4 

n 277E-02 O.717F-04 0.'191E-02 0,381E-01 42 13?-.$- 

0.109E-02 U0630E-04 00197E-02 O:mE-O1 30.1 17.4 

0:277E-02 0.717F-04 0.557f-02 0.432E-01 42:7 38.6 

13 1550. 750. 0.483 91.5 

0.265E-OB 0.642E-04 0.622E-02 0.45'tE-01 45.4 91.0 
r).305!7-02 0.913F-04 0,7106-sO.637E-01 36.9 33.y 

O.000E 00 0.000E 00 0.399E-01 0.987E-01 62.4 121.5 
0.22 OE- 0 1 

f1,127E-01 0.120E-03 0.359E-03 0.1U2E 00 53.9 105.0 

- 
14 3340. 760.  0.227 15.0 

0 1 e 1 E- 0 3 0 3_E?E- 0 1 0 7 73E- 0 1 6 &4--32~5- 

15 2450. 900. 0.367 18.8 - 
0,245~-01 u.190~-03 0.380~-01 0.082E-01 66.2 129.1 

8.256C-01 0.320E-03 0.356E-01 0.153E 00 56.0 80.0 

-.- - 

0.162E-01 0.202E-03 0.250E-01 0.936E-01 56.0 80.0 
fJ.189E-01 0.222E-03 0.234E-01 0.825E-01 59.5 85.0 
0.135E-01 0.195E-03 0.276P-01 0.119E 00 48.4 69.1 

0.839E-03 0.405E-04 0.llSE-02 0.167_€-01 35.1 20.7 
0.472E-03 Ue227E-04 0.103E-02 Oel49E-01 35.1 20.7 

16 1010. 1010. 10000 242.2 

@.524E-03 C.238E-04 o.e67~-03 o.iieE-oi 37.3 21.9 
0.419E-03. 0.234F-04 0.lllE-02 0.18LE-01 30.3 17.8 

0.2UOE-02 0.63fE-04 0.331E-02 0.262E-01 93.2 37.8 

0.2b4E-02 0.5OAE-OU 0.284E-02 0.212E-01 45.9 40.2 
0,204E-02 00625C-04 0.303E-02 0.277E-01 37.4 -32.7 

17 1500. 1000. 0.666 105.5 

n.192E-02 0.508E-04 0.312E-02 0.247E-01 43.2 37.8 

1920* lolo* 0.520 4 6 * 0  0.132E-01 0.238C-03 O.1AOE-01 0 . 9 n m 4 t s  
0.104E-01 0.108C-03 0.152E-01 0.82UE-01 49.1 55.6 
0.124E-01 0.210E-03 0.123E-01 0.629E-01 52.2 59.0 
0,966E-UZ 0.2OlE-05 0.15%ml O*YYOE-Ol 42.4 4%;6- , 

.370E-03 0.512E-01 0.147E 00 59.8 10't.J 
0-296E-DJ 0.Q45E-01 0.127T 0 0 .  59.8 10'1.3 

19 2990. 1010. 0.337 16.9 - 
(1.395E-01 0 -  
0.309E-0 _ _ _ _ _ -  . 
0.356E-0: 0.321E-03 0;439E-01 0;lleE 00 63.5 110.8 
0.333E-01 0.369E-03 0.506E-01 0.168E 00 51.7 90.2 

0.302E-01 0.2RIE-03 0.327E-01 0.915E-01 61.1 107.3 

O.l~f-01 0.165E-0 0.261 -01 0 ~ - 9 E ~ ~ 4 ~ - % ~ -  

20 3010. 1290. 0.428 16.8 

n.173E-ni 0.16~-03 0&?79~-01 0.782E-01 61.1 la7.3 

.9.189E-01 U.203C-0: 0.321;-01 0.103E 00 52.8 92.7 
. .  

~ .. ...... . .._ . . .  ., .. .. ... .~ .I _.._. . . . . .-,-. '. . I"." _.- - -. . . . . - . . .. . .. . .. .-- .._ .. .. . . . . . - . 

- 
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...------ --------.I_--- 

TEST NO 4 (continued) 

21 1020. 1480. 1.450 301.6 
O.505f-03 0.238E-04 0.729E-03 0.103€=&.1 35.6 21.2 

0.421E-03 0.186f-04 0.629E-03 0.838f-02 37.8 22.5 
0.421C-03 0.198E-04 0.72%-03 0.103E-01 . 35.6 21.2 

e.252f-03 O.I~~E-OV o . ~ ~ o E - o ~  o.a6e~-n2 30.8 18,3 
22 1550. 1500. 0.967 136.1 

0.186E-02 0.476E-04 0.308E-02 0.256E-01 43.2 39.1 
(t.lb@E-02 0.Q2X-04 Oq-Z5?&-02 0.191-~-01 (13*23921-- 
0.166E-02 U0404t-04 0.227E-02 0.164E-01 45.9 41.5 
0.190E-02 0.913€-04 0.279E-02 0.247E-01 37.4 33.8 

0.100E-01 0.177E-03 O.122L-01 0.650E-01 49.6 56.4 
0,778E-02 0.137E-03 0.315E-01 0.615f-01 49.6 56.4 
0.69YE-02 0.115f-03 0.305E-Ul d.52_5E=g1-52.7 59.9.- 
0.750E-02 0.153E-03 0.113E-01 0.699E-01 42.9 48.8 

. .  
2 3  1950. 1 550. 0.794 45.7 

24 2420. 1530. 0.632 31.4 
n . t13E-o 1 

. n.606E-02 0.729E-04 O.1OlF-01 0.367E-01 58.9 83.2 
e.525~-n2 0.776~-04 o.io5f-01 E.965E-01 97.9 67.7 

F .538E-01 0.516~-0 3 o ,gXzo~.a,l>g ..no>X. 1- 1 04 . I 

0.1~ (1 f - 0 3 0.1 27E- ~_l_o.? 87E- 0 1-55 5 78.3 
0.890E-02 0.113E-03 0.135E-01 0.511E-01 55.5 78.3 

25 2920. 1530. 0.523 17.0 
0.657E-01 0.631E-03 0.69%-01 0.201E 0 0  61.1 104.1 

0.560E-01 O.506E-03 0.623E-01 0.169E 00 64.9 110.5 
0.523E-01' 0.581E-03 0.670E-01 0.223E 00 52.8 89.9 

E.252E-01 U.239E-03 0.269E-01 0.767E-01 59.0 105.4 
0.26.6E-01 0.252E-03 0.325f-01 0.926f-01 59.0 105.4 
c 0 2 33F - b 3 P6 1 f - [I 1 0.32 2F:O-g &56?E=_O L. .-6&2- LL?LO-- 

3 3 2 Z z - f  -_I_ -..._.--I----- 26-0- 1 9 N - O .  0.6 

0:218E-01 0.240E-03 0.325E-01 O.lU7E C O  51.0 91.1 
17 1000. 2000. 2.000 301.3 

o . 1 s o ~ i ~  o . ~ ~ ~ E - o Q  n.205~-02 0.319f-01 33.1 19.3- 
00843€-C3 0.436E-04 0.152F-02 0.237E-01 33.1 19.3 
0.109E-02 0.534E-04 0.159E-02 0.253E-01 35.1 20.5 
PAOSE-02 0.631f-04 0.189E-02 0.3')Of-Jl 28.6 1$.6 

28 1950- 2050. 1.051 61.1 
0,769E-02 0.136€-03 0.965C.-02 0.512E-01 49.6 56.4 

n.623E-02 0.127E-03 0.162E-01 0.995E-01 42.9 48.8 

0.29@~-01 0.382~-03 0.282~~01 o.108E EO 54.7 77.9 

0.~9.cf-ni 0.230f-03 0,~285=01 0.823-01 58.1 82.7 

fl.6-2 O.lt4E-03 0,831C-02 O e ( 1 5 1 E - 0 1  49.6 56.4 
C.74OE-02 0.124E-03 0.916E-02 0.456E-03 52.7 59.9 

2 9  2440. 201 0. 0.823 (16-0 

8.229E-01 0.294F-03 0.23QE-01 0.903E-01 54.7 77.9 

0.157E-01 0.23.X-03 0.199E-01 0.8YOE-01 47.3 67.3 

~.1@9C-O1 0.182€-03 0.199E-01 O.>77E-@l 59.3 103.8 
0,161E-01 0.155E-03 0.226E-01 0.655E-01 59.3 103.8 

- (),179E-01 0.lh2E-03 0.214E-01 0.5R3f-01 63.0 110.2 

30 3000. 2300. 0.766 41.0 

t1.192~-01 0.158~-03 0.212~-01 n. 109~-01 51.2 89.7 

~.is3f-oi o.i95~-03 n.?i8f-o1 o.!?/E-01 54.7 7e.2 

31 2450. 2500. 1.020 39.8 
0.204E-01 0.261E-03 0.271E-01 0.104E 00 54.7 78.2 

Q.210E-01 0.253f-05 0.163E-01 0.589E-01 58.1 83.1 
0.150E-01 0.221f-03 0.185E-01 O.R24E-01 47.3 67.6 
p 7. 24 .----- 

~0124C-01 0.157E-03 0.176E-47E-01 55.2 78.9 

F 797~-02 11.950~-04 n.ii9E-oi' n.rZ?.E-nl 5.8,s 83.L- 
0:797E-02 0.116E-03 0.143E-01 0.629E-01 47.7 68.2 

0.921C-02 0.116f-03 0.133E-01 0.506E-01 55.2 78.9 

33 940. 3010. 3.202 300.2 
_____--I_--------- ----------------- - -  -. - 

16 8 



34 1400. 3090. 2.142 211.3 .---.------ 
c 0,216E-02 0.650C-04 0.260E-02 0.234E-01 4fl.7 33.2 

O.1SOE-02 0.541C-04 0.260C-02 0.234E-01 4 g . f  33.2 
0,=2E-02 0.459E-04 31'1$_9_E-02 0,160E-01 43.2 35.3 
n.162E-02 U.564E-04 0.250E-02 0.261C-01 35.2 28.7 

4 

t 35 1950. 3300. 1.692 221.0 -- 0,228~-02 0.413C-04 O . E ~ E - O ~  -0.161E~~l 40.6 s s i  
0.180E-02 0e326E-09 0.279E-02 0.151E-01 48.6 55.3 
0.228E-02 0.385t-04 0e293C-02 0.150E-01 51.6 58.7 
ni16BE-02 0.352€-04 0.274E-02 0.172E-01 42.0 472& 

36 1280. 3950.  3.085 301.8 
0.58SE-02 0.199E-03 O.43OE-02 0.43EE-01 39,4 29.4 

--- 

169 



RAW DATA FOR 
STATIONARY-NOZZLE 

TEST NO 5 -- 
RUN rm. p u r 4 7  BOR€HOLE TOTAL DEPTH VOLUME 

SkIVEL P. PRES; FLOWRATE IN* c ..c . 
124 

0.48 2 r4 
1 1200. 120 . 

0.40 1.9 
Om38 2.2 

t 

0.40 1.9 

0.36 2.3 
2 1370 200. 140. 

a 

0.36 1.6 
‘ 0.28 1.9 
0.32 1.5 

0.39 2.5 
0.33 1.5 

3 2380 300 187. 

0 .29  1.8 
0.33 1 e 6  

4 1400 . 320 ‘130 . 
0.39 . 1.6 
0.27 1.1 
0.30 1.1 
0.24 1.3 

5 2850. 380. 205. ’ - 1  

0.37 1.8 
0 * 2 8  1 e 3  
0.31 1.6 
0.22 1.0 

0.25 1.7 
0.15 1.1 

185, 
, ,  2 ~ % 

6 2450 b 390 . 
-- 0.23 1.1 

0.16 1.0 
7 3650 430 230 

0.71 3.1 
0.50 3.9 
0.5e 4 .f 
0.48 3.1 . 

0.31 1.8 
0.37 1.1 
0.31 1.5 
0.27 1.1 

8 2100. 530 160 

- 9 3200. 65n . 210. 
0.34 1.8 
0.36 1.0 
3.35 1.6 
0 28.  0.9 

10 2750 7 0 0 .  193. 
0.35 1.7 
0.18 0.9 
0.24 1.3 

- 0.26 1.1 

0.45 2.3 
11 1800. 750 . 135. 

170 
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hj 



TEST NO 5 (concluded) bj __ ----- 
0.32 1.6 ' 

0.33 l w Y  
0.31 3.4 

e- 

-- 4.6.- - 
13 3400 900 w 205. 

0.22 0.9 4 

0.5 - 
0w7 

0.17 0.5 
14 2000. 2 8 0  f 34 ,, ----...- 

. 0.42 2.8 
0.49 1.9 
0.43 2 *_3,,--- 
'0.37 2.0 

0 . Y L ? - ? L S -  

4 4  
0.15 - c_-- 

i 

- --- 

- .- 
X I  

15  2550 1000. 160. 

1.8 0.41 
0.38 2.7 

_--- - 

A 2 3 6  k!!? _---_--- 
0.25 1.2 
0.25 1.0 

0.32 2.0 
0.35 1.1 

h 7  ' 
1.1 

At?-- 
1.2 

0.28 1.6 
' 0 . 3 3  It2,-- 

6.8 0.P1 
0 . 6 5  3, L! ----- 

7.1 
5.3 

2.01 
Ow96 

5.6 0.73 
0.87 4.6 

_-----.---. - . __-_._ LI--~~B,-AQ-~O. 235 . 
- 

18 4510 1200. 
I_ 

--__-_-- 
195. 19 3773. 15c0, 

-.I-- 

3 

20 4602, 1500. 225 PI-. 
I--- 

4 

0 . 8 9  -0- 5 8  
0.78 4.5 

4.3 Om70 - -.. - 
0.60 3.7 
0.69 4.4 
Om59 5.0 

0.75 6.4 
4.3 

0.73 5.1 I 

0.67 4.4 

.- 
21 . 5292, 1500 w 255 e 

--- 

- 
22 6O90 1480.  275 

- 0.02- -I- 

(d -- 
--- - .--.e-- 
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PROCESSED DATA FOR 
STATIONARY-NOZZLE 

TEST NO 5 - 

3 t j N  fJoz. AWB. CAV.  TIME VQL.'REH. VOL. REP?. DRI_LL eRL+_L.t FLOW POKER- 
NO. PRES. PRES. IJO, HATE EFF. RATE RATE EFF. RATE 

--.-- --I- 
i inso.  120. 0 .11~ 3u.,n 

O,LOOE-02 0.4RlE-04 0.15GE-02 0.227€-01 33.2 20.9 
9-799E-03 UoY41E-04 O.132E-02 O.21SE-01 28.7 18.1 

2 1170. 200. 0.170 150.5 
b -  a 2  E- 0 2 0 9 757L?.!!!!h.t3?-5=0.L -a.,2e?E,o_l-87 5 25,_6_ 

(1.135E-02 0.609E-04 0.239E-02 0.329E-01 32.4 22 .1  
0.160E-02 0.625E-09 0 . 1 8 6 ~ 0 0 2  0.217E-01 37.5 25.6 
n -1 2 6E-713 ~ 2 . 1  

n.693E-02 o.l i3E-03 0.851E-02 O.419E-01 50.1 60.8 

n.499E-02 0.820E-04 0.633E-02 0.312E-01 50.1 60.8 

0,571 E- 0 4 &.a g_EIo_?- -. 0,288E- 0 1 -3-2.4 
3 2080. 3 0 0 .  0.144 45.8 

n I 9 16E- 02 0 791 E- 04 0. I?-O~~J-2--0~~1&E= 0 1 43 3 52-.2- 

0.443E-02 0.P43E-04 0.720E-02 0.411E-01 43.3 52.5 

0,134E-02 O.611E-04 0.257E-02 0.352E-01 34.8 21.9 
-._- - ---- 4 1080. 0.296 1 5 1 - Z  

n.923E-03 O . V R ~ E - O ~  O . I ~ R E - O ~  0 . 2 8 2 ~ - 0 1  30.1 18.9 
0 . 9 ~ 3 ~ ~ 0 3  u . 4 a x - 0 4  r ) . p 3 ~ - 0 2  0 , ? 7 ~ k n i  39.8 2 1 . 9  

n . i 0 5 ~ - 0 1  o . i 3 3 ~ - 0 3  o . i 7 1 ~ - ~ _ 1  0 . 6 ? s ~ - o i  54.9 79.2 

n.iU9E-02 0.574E-04 0.158E-02 0.250E-01 30.1 18.9 
5 2470. 380. 0.153 21.6 

0.764E-02 0 . l l l E - 0 3  0 .129f -01  0.56FE-01 47.5 68.4 
0,941E-02 0. l lRE-03 0.143E-01 0.543E-01 54.9 79.2 
n.5BBE-02 0.059E-04 0.101E-01 0.446E-01 47.5 68.2- 

n.696E-02 0.116E-03 0.806E-U2 0.9U5E-01 99.6 59.6 
0.450-Eo02 O.R7&F-0'4 0.481E-02 0.2.81E-01 42.8 S1.S 

0.409E-02 0.795E-04 0.516E-02 0.300E-01 42.8 51.5 

6 2060. 390. 0.189 31.0 

0 . 45 GE- 0 2 0 . 7 56E - 0 9 0 . 7 4 1E- 02 0 . 372c ~1-73-~6-S9~%- 

7 3220, 430. 0.133 30.2 
0.130E-01 0.112E-03 0.235E-01 0.608E-01 61.6 115.6 
P.169E-01 0.163E-03 0.165E-01 0.496C-01 53.3 100.1 
C;1.7E-01 U.17OE-03 0.192E-01 O-eYLC-01 61-16 1 1 5 . L  
n.130E-01 Ue130E-03 0 .150f -01  O.4lkE-01 53.3 100.1 

172 



0.151E-02 0.447E-04 00393E-02 0.259E-01 37.0 3309 
9 2550. 650. 0,254 7b.R ------_-_-. 

n.853t-02 U.loi€:-l13 o.lr26E-01 0.4bQE-01 .56,3 83.7 

O , ~ H E - O ~  u . , s ~ - o c l  o.i3o~-ni 0,467~01 56.3 83.7 
0.474E-02 U0654E-04 0.134E-01 0.556E-01 98.6 72.4 

n.428t-02 0.589f-04 0.104E-01 0.432E-01 48.6 72.4 

0.591E-02 00955€-04 0 .958s-02  0.464C-01 51,J 61,8 
i 0.313C-02 0oSe5f-04 0.493E-02 0.276E-01 44.7 53.4 

4 

10 2050. 700. 0.341 36.5 

n.452E-02 u.73oE-09 0.657E-02 0.31C.E-01 51.7 61.8 
0.382-02 0.715c-oti O . ~ I ~ E - W  0.3%f-ni 44,7 5.3.~- 

n.137E-02 0.621~-04 0.2i2~-02 0.287~-~1 36.2 22.1 
n.958FI-03 U.~goF-u4 0.150!:-02 0.23f+E-01 31.,2--19-.-~- 
o,'SiSEE-03 0.57bE-04 il.146E-02 0.137E-01 36.2 22.1 

0.3 i ? ~ -  o 2 31 . z 

11 1 0 5 T E O .  U.714 212.0 

-- 
O.83RE-03 0.437E-04 0.155f-Ll2 0.243E-01 31.2 19.1 

12 1490. 760. 0.510 91.5 
o . 8 56t - u O i - S Z i i 2  o .WZZJ-~T. 9 

11.138E-02 0.430C-04 0.2f34E-02 O.Zh4f-01 37.0 32.2 
0,lllE-02 0.297C-04 00273E-02 0.219E-01 42.9 37-2 
0.833E-03 U.25ME-04 0.295E-02 0.274E-01 37.0 32.2 

0 105E-01 0.132E-03 0.203E-01 0.762E-01 54.9 8b.l 

--I.---- - --- ---- 
13 2500. - 9 0 0 .  0.360 10.8 

~:58a~-o2 o . t i i i ~ ~ - o ~ ~  0.166~-01 O . ~ Z ~ E - O ~  47.5 64.2 
c.mx-02 o.i02~-03 o.i38~-oi o,si9~-ni 54.9 80.1 

o.148E-02 0.692~-04 0.174E-02 0.245E-nr 35.9 21.3 

n.105E-02 0.572E-04 0.153E-02 0.249E-01 31.0 18.9 

0.312~-02 IJ.OO~E-U~ 0.426~-02 0.329~-01 42.9 38.7 

o.~P+E-o~ 0.8375-04 0.359t-02 O . ~ ~ P E - O I  42.9 ~E,z_ 

0.58RE-02 0084C-E-04 0.157E-01 O.68lE-01 47,s 69.2 
I_--- 

14 1020. 980. 0.960 240.3 

--___---- . 8.100E-02 0.S43E-04 0.203_EI(L2_ 3,332E-01 31,O- 16.4 
0.123E-02 0056RE-04 0.17CE-02 0.251E-01 35.9 21.5 

-I 15 1550. 1000.  0.645 105.6 

0.216E-02 0.645E-04 00388E-02 0.347E-01 37.0 33.5 

n.216E-02 0.645E-04 0.435E-02 0.399E-01 37.0 3305 

- I?,596E-02 0.109E-03 0.903F-U?-O-.'+26E-91 51.4 63.5 
0.491E-02 0.094E-0% 0.116E-01 0.653E-01 44.5 54.9 
9.49lC-02 0.773E-04 0.806E-02 0.300E-01 51.4 63.5 
0.409E-02 00745E-04 0.806E-UP 0.440E-01 44.5 54.9-. 

0.224E-01 0.193f-03 00274E-01 0.708E-01 63.0 116.1 
O.lz3E-01 0.123E-OS 0.309E-U1 0.9__25C-01 5'4.4 1-0&3- 

I 0.191E-01 0.164E-03 0.203E-01 01325E-01 63.0 116.1 

- 
16 2117. 1020. 0.481 31.0 

17 3159. 1070 

n.123E-01 0.12~-03 0.185E-01 0.555E-01 54.4 100.3 

I) . 134E- 0 1 0.1 ! j 6 E ~ ~ ~ ~ 4 i E ~ O i - 0 . 6 6 i E - O  1 G4.3-1=:>7 
3310, 1200. 0.362 12.4 --? 3 

4 0.122E-01 Ool14E-03 0.225E-01 0.630E-01 55.6 107.4 
o.163E-01 U.131F-03 0.235E-01 0.5Q5E-01 64.3 12-$52-. 
d . m z T E - 6 3 E - 0 1  0.44%-01 55.6 1c7.4 

n.285F-02 0.411E-04 0.267E-02 0.115E-01 52.2 69.5 

0.297C-02 0.439E-G'l 0.333E-02 0.144E-01 52.2 h9.3 
n.222E-02 U.370E-04 O.3lhE-02 0.15PE-01 45.2 59,c. 

0.520E-02 O.476E-04 0.534E-02 0*146E-01 60.3 10'3.1 
F.427E-02 0.452E-04 0.636F-02 0.2U2C-01 5?*1 9p-03 
r),c5-@cy@2 U.'l93L-U4 0.631f -(I2 0.17BE-01 60.3 1 0 7 . r -  
0.418E-02 0.443E-OQ 0.570E-02 O.lB1E-01 52.1 94.3 

19 2273. 1500. 0.659 303.0 

n . 16 3E - 0 2 u . 2 7 zG@Z 0.2 1 'G-TciF- Ki u 7~ 3bT-F52--59 .-T 

20 3102. 1500. 0.403 136.7 

-I__ 

u 
17 3 



TEST NO 5 (concluded) - 
21 3792. 15000 0.395 Y1.g 

0,133F-01 0.8ROr-04 Or170F-01 0.33_PE-Qlr 68,3 151.2 
t1.11qE-01 0.676t-09 0.146E-01 OwJSSE-01 -59.1 130.7 

0.929E-02 0.710~-04 0.X43E-01 0.330E-0_r 59.1 130.7 
0.136~-0i 0.901F-04 O.I~OE-OI 0.333~01 6e.3 151.2 

22 4610. 1'4800 0,321 36.8 
0.220E-01 0.111C-03 0.203f-01 0.30BE-01 73.7 198.3 
0.14Rf-01 0.86-5F-04 0.222f-01 0.389E-01 63,7 171.4 
0.176E-01 0.8R7E-04 0.198f-01 0.3UOE-01 73.7 198.3 
OO151E-01 0.&86€-09 0.182E-01 0.31PE-01 63.7 171.4 



RAW DATA FOR 
STATIONARY -NOZZLE 

TEST NO 6 

- 
1 2550, 1460 195, 

Q o 3 . L  1.6 - 
2.0 0.37 

0.27 2.1 

.--- 0 
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_- -. ----- ---. . ----- 
TEST NO 6 [continued) 

0.34 2.7 
- Ad-5 3 - 4  

0.36 1.4 
-- 

12 5400. 3200. 275. 
--- 0, 48 3%3 ___- 

0.44 4.5 
0.42 4 a.6 
0.38 3.2 

Om42 2.2 

0.36 2.9 
0 *35 1.7 

13 5000. 3500. 230 e 

- - n.41 3 ..?.---- 

14 4 9 0 0 .  3800. 198 . 
0.32 1.5 
0.28 1.9 
0.31 1-c 
0.30 0.9 

15 5300 3800. 225. 
0.44 2.0 
0.37 2.8 
0.27 2.2 

----. - 0.36 
16 THIS RUN WAS NOT MADE 

--. - 17 . 1150.- .180. 100. . ._- 
0.38 1 e 9  

0.32 2.7 
-- 0.27 L;& 

0.28 1.4 

0.38 3.9 
0.32 2.5 
0.36 1.8 

8-40 2.4 

250. 225 
C!.&-2-r7_ 

18 1800. 

--- 
19 2350 350. 260 e 

0.20 2.4 
0.23 0.9 

0.32 0. o*- 
0.26 o+o*  
n.25 1.2 
0.28 1.1 

-- 20 * 1350. 330. 193. 

2 1  2100. 540 231. 
0.33 1.6 
0.24 1.6 
0.29 1.6 
0.27 1.1 

0.27 1.3 
0.24 1.4 
0.24 1.3 
0.23 1e0 

22 2600. 700. 265. 

t 

t 

176 



-e-- 

TEST NO 6 (concluded) 
0.26 1.5 

26 3500 1500 . 262 
0 . - 2 L  l.LZ --..-.-- 

1.3 
0 . 2 8  2.0 

- -- 
I O m 1 9  



PROCESSED DATA FOR 
STATIONARY -NOZZLE 

TEST NO 6 '  

O.le8E-02 0.316E-04 0.165E-02 0.93YE-02 65.7 59.4 
~.112E-~02 0.3C5E-04 0.199E-02 0.162E-01 40.8 36.9 

3 2050. 1450. 0.707 41-2 

0,225E-02 0.265E-04 0.355E-02 0.125E-01 72.8 85.0 
O.lkfE-02 0.272i-04 0.371F-02 0.221E-01 95.2 52.8 

6 2500. 2800. O.eOO 27.7 

17 8 

I .  . 
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TEST NO 6 (continued) 

_.*.- - -- , " . 
c_- 

(1.376E-02 Oo448E-04 0.8lYE-02 O0291E- 

0.592C-03 0.267C-54 0.965E-03 0*130E-.O3--'-&Z,S 22.1 
-.-- - 9 1000. 3000. 3.000 300.3 

0.8ew-03 0.24RE-04 0 .103€-~2 0.866E-02 61.2 35.7 - 0 .  P 0-31.- o 3 0 26 o E - ol+--g, fi 3 2 ~ -  03 o e u - 9 ~ ~  P . . L  
.a 0.507E-03 Oo265E-09 0.106E*U2 0.166E- 9.1 

1 0  1500. 3000.  2.000 180.0 
O.162E-02 0 9 ~ 4 0 . 1 ~ ~ ~ ~ _ 0 2 ~ . 1 ~ ~ - ~ ~ 0 1 4 _ 6 , 2 _ ( ) 0 , ' ) ~  
0.218C-02 0.335E-04 Oe222E -02 , O. lU2LDl l4.5 65.2 

* 0.190E-02 0.33GE-04 0.205E-02 0.109E-01 64.3 56.2 
'-- 9 34.9 

G.OOOE 00 0.000E 00 0.330E-02 '52E-nl 54.4 65.0 
n.323E-03 0.3-o8E-04 . 0.321)~Le2_>21%E--g2 e7.7 1 0 4 L  
0,359E-02 0o396E-04 0.424E-02 Oe140E-01 73.7 90.5 
0.167E-02 0.298E-04 0.339E-02 0.18 

0.347C-02 0.479E-04 0.397E-02 0.16 
,;I, 12  2200. 3200.1.454 130.7 ------- 

E-02 0.93SE-02 91.1 116.9 
--a E-02 0 103E-01 ._-__- 78 5 100.8 

0.336E-02 0.537E-04 0.314E-02 O.1SoE-01 46:@ 62.6 

n.167E-02 0.405E-04 0.251E-02 0.282E-01 47.2 41.3 
1 3  1500, 3500. 2.333 166.7 

0.243E-02 0.365E-04 0.245E-02 O.11OE-01 76.1 66.6 
0.220E-02 0.30QE-Oft O.215E-02 0.112E-01 65.7 57.5 

-- -- 
---I_- 0,129E-02 0.3-94 0 . 3 0  9E-U?_0..176_E=_I)1*8-35.7 

t r  > 14  1100. 3800. 3.454 240.3 
0.792E-03 0.303E-04 0.133E-02 0.153f-01 40.6. 26.0 

O.k990E-03 0.247E-O'i 0.129E-02 0.106E-01 56,s  36.3 
----- . n. 0-02 0,2=E-04 0 . ~ - ~ ~ ~ ~ 2 0 . ~ ~ O f - ~ 2 _ _ 6 5 , 5  42,o- 

L L 5 0 0 .  3 8170. 3. 533 1- 
O,475E-.03 U1210E-04 0.124E-02 0.166E-01 35.1 22.5 

0,141E-02 0.349E-04 O.244E-02 O.lB1E-01 46.2 40.4 
0.197E-02 0.302E-04 0.205E-02 0.9QSt-02 74.5 65.2 

(1.600E 34 0.170E 39 0.170E 39 0.170E 39 0.0 0.0 
0.600E 34 0.170E 39 0.170E 39 0.17OE 39 0.0 0.0 -- 0,600E 34 0.170E 39 0.170E 3903 .170E 39 0 .0  t.0 

17 970. 180. 0.185 301.11 

ir 

* 

td 



TEST NO 6 (concluded) 

180 



i 
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APPENDIX B 

RESULTS FROM STATIONARY-NOZZLE AND 
SLOT CUTTING TESTS AT HYDRONAUTICS 

181,182 



i 

t 



i 

-- 
3.6 0.14 19 0.75 
5.8 0.23 21 0.81 
8.6 0.34 21 0.81 

10 0.41 22 0.88 

6.9 0.27 21 0.81 
11.8 0.19 19 0.75 

8.4 0.33 19 , 0.75 
10 0.41 22 0.88 

)a (1.20 5 i ) ,  Ambicnt Frcasure: 3.31 MPa ( (  
-- 

1.9 
6.6 
8.1 

2.0 
11 

CAVIJET'n Nozile S i x  and Type: 6.2 nm (0.241+ In,), Carhldc, Pla in ,  
Su bmcrged 

Stanf luf f :  2.1 em (0.812 in . )  
Rock Tvne: Indiaria I,ieestone--Pfirallcl 

0.60 
1.4 
2.0 
2.9 
0.90 
1.6 
1.9 
2.6 

-.  
to Bedding  Plane 
l.l-tyn/cm (9 .3  lbs/gnl)  nominal b!ud Wclmt: 

Climulative Mean Depth Hole Dlanieter Volume Removed 
Tlmc h d V 

SE'C . IN11 i n .  mm in. cm3 1~.0- ' in .~ 
k.I.4 MPu (0.60 ks i ) , o  li 0,iIO 
I 

N o x d l e  Pressure: 10.3 NPa (1.50 kkL), JZmbicllt PrsSSurJ: 

0.37 
0.85 
1.2 
1.8 
0-55 
0.98 
1.2 
1.6 

l O D l a  
10DII.n 
l U D I  I Ia 
1 0 D N a  
l l D I a  
llDIIa 
l l D I I I a  

- 
Mozzla Pres 

1 Y A I a  
17AIIa 
17AIIIa 
17AIVa* 
17AVa 

60 
120 
180 
240 
60 

116 
180 
P$O -- 

:sure: 8-28 1 

30 
120 
180 

' 240 
30 

0.075 
0.26 
0.32 
0.44 
o m 0  

19 0.75 
22 0.88 
24 0.94 
21 0.81 
19 0.75 

0.40 

2.2 

0.40 

1.6 

2.. 8 

, 0.24 
0.98 
1.3 
1 .7 
0.24 

llBIa 
1 1 B I I a  
l l B I I I a  
i i n  LVR 

l l B V i I  

1 2  2.0 0.078 25 1.0 0.75 0.46 
28 1.1 4.5 2.7 
28 1.1 6.1 3.7 
28 1.1 7.0 4.3 

60 8.9 0.35 25 1.0 3.0 1.8 
;; 1:: 100 

160 
200 20 



P 
Q) 
A 

Table B-2 

Stationary-Nozzle Tests  on Berea Sandstone 

I 

CAVIJET@ Nozzle Size and Type: 6.2 mm (0.244 in.), Carbide, Plain, 
Submerged 

t o  Bedding Plane 

Standoff: 2.1 cm (0.812 i n . )  
Rock Type: Berea Sandstone-Parallel 

Mud Weight: 1.1 gm/cm (9.3 lbs/gal)  nominal 

Run 
No . 

Cumulative Mean Depth Hole Diameter Volume Removed 
Time h d -  V 
sec . mm in .  mm in. cm" 

c 

- 
1633 
1GDIIa 

, 15i;IIIa. 
~ 1 6 ~ 1 ~ ~  
~ 16DVa 

4 4 

12 0.43 0.017 25 1.0 0.20 0.12 
60 4.6 0.18 25 1.0 2.2 1.3 
160 7.1 0.28 33 1.3 2.8 1.7 

100 6.4 0.25 30 1.2 2.8 1.7 
200 11 0.43 30 1.2 4.1 2I5 

c 



r 

Translation Mean Depth Mean Width volume ReFoval 
Velocity, v h1 ' w  Rate, V * 

R u n  
No. cm/sec lin/sec mm I in .  mm I in .  10-1 sA110-3 sec E. s ec 

6C 2.5 1.0 0.38 0.015 16 

6A 2.5 I 1.0 I 0.361- 

GB I 2.5 

Nozzle Pressure: 12..1 MPa (1.75 k s i ) ,  AnlE 

Nozzle Pressure: 11.7 14Pa 
I 

Volume Reinoval Effec- 

I-o+" -110-1 mr 
tiveness, e; 

c m 3  in.3 

(le-Pressure: 1.0.3 MPa (1.50 ks i ) ,  Amb 

< 

0.64 
0.64 
1.3 
1.3 
1 .9  
1.9 

Nozzle Pressure: ' 12.4 MPa ( ~ 8 0  k s i ) ,  Ambient Pressure: 1.38 MPa (0.20 k s i ) ,  u = 0.11. 

0.25 
0.25 

0.50 
0.75 
0.75 

0.50 

0.63 0.66 
0.63 0.67 
0.56 0.82 
0.63 0.87 
0.56 0.97 

i I 0.56 0.92 

16 
16 

16 
14 

14 
14  

4.0 0.81 3.7 
4.1 0.84 , 3.8 
5.0 1.0 4.7 
5.3 '1.1 5.0 
5.9 1.2 5.5 
5.6 1.2 5.. 3 

0.25 1.1 0.042 18 0.69 
0.25 1.2 0.046 i g  0.75 

I Kozzlc Pressure: 12.4 WPa ( l . g O  ksi) ,  Ambient Pressure: 2'.07 MPa 

' 0.g7. 5.9 
1.2 7.2 

0.64 

8B 1.3 
7A 2.5 
8C 2.5 L .  

4 

0,045 
0.030 
0.028 
0.018 
0.019 
0.0!+5 
0.046 
o.01~2 
- 
- 

18 0.69 1.0 6.3 
16 0.63 1.2 7.5 
16 0.61 1.1 7.0 
16 0.63 . 1.5 8.9 
14 0'.56 1.4 8.3 
19 0.75 1.1 7.0 
19 0.75 1.2 7.2 
i g  0.75 1.1 6.6 
I 

7 
0.036 19. 0.75 0.92 
0.038 18 0.69 0.87 

:0.30 ks i ) ,  'U = 0.17. 

5.6 0.97 4.4 
5.3 0.92 4 ..2 

i 

t 

0.92 
1.1 
0.99 
1.2 
1.1 
1.4 
1.3 

4.2 . 

5.1. 
4.5 
5.4 
5- 0 
6.4 
5.9 

. *14ud Weight: 
*"I\lud Weight: 

1.3 @n/C$?( 10.5 lbs/gal) nominal. 
1 .4  Snl/Cd (11.9 lbs/gal)  nominal. 

V 

185 



" t  
Table B-3 

Stationary-Nozzle Tests on Qeorgia'Granite 

CAVIJET@Nozzle Size and Type: 6.2 mm (0.244 in . )  Carbide, Plain, 
Submerged 

t o  Bedding Plane 

Standoff: 2 . 1  cm (0.812 i n . )  
Rock. Type: Georgia Granite-Parallel 

Mud Weight: 1.1 gm/cm (9.3 lbs/gal)  nominal 

Run 
N o .  

Hole Diameter;'; 
d 

Cwnula t i ve  Mean Depth* 
Time h 
sec. mm I in .  mm I in .  

Nozzle Pressure: 12.4 MPa (1.80 ksi), Ambient Pressure: 2.07 MPa 

12AIa 
1 2 D I a  
13c1a 
13CIIa 
3CIIIa 
13CIVa 
144Ia 
14AIIa 
4AIIIa 
14AIVa 
14AVa 

75 
75 

120 

360 
240 
,480 

60 
120 
240 
60 

360 

0.48 
0.43 
1.3 
2.8 
1.9 
3.3 
0.33 
0.76 
1 .3  
0.33 
1.7 

0.01g 
0.017 
0.052 
0.11 
0.075 
0.13 
0.013 
0.030 
0.050 
0.013 
0.068 

13 
13 
13 
16 
13 
16 
12 
13 
13 
12  
13 

0.50 
0.50 
0.50 
0.63 

0.63 
0.50 

0.47 
0.50 
0.50 
0.47 
0.50 

Volme Remove( 
V 

cm" 110-1in.~ 
(0.30 ksi),0=0.17 

0.13 
0.14 
0.24 
0.80 
0.55 
1.0 
0.10 

0.15 
0.50 
0.11 
0.53 

0.079 
0.085 
0.15 
0.49 
0.34 
0.61 
0.061 
0.092 

0.067 
0.31 

0.32 

"These measurements are only for central  holes; outer  r i ng  erosion not included, 

c 4 c 



i 

Translation Mean Depth Mean Width Volume Removal 
Velocity, v h' W Rate, 0 

sec 10-1 10-3 in3 sec 
R W  
No. n/sec mm in .  mm in. 

d 

a 

Volume Removal Effec- 
tiveness, e+ 

16. 6 . 3  lAb 
1 1 I I 

I I I I 
SYECIMEJ HAD LIFTED OFF SPINDLE 

a - Normal to bedding plane 
b - Nozzle standoff was; 9.21 cm (3 .63  in.) 
c - Specimen made approximately 10 revolutions (20 sec. total time) 
d - Specimen made approximately 20 revolutions (40 sec. total time) 

12. 7 3 .  15 .  

187 ' 

6 9 .  

B l  0.020 14 .  0.56 0.72 4 . 4  0.90 4 . 1  

0.022 16: 0.63 0.46 2 .8  0.46 
0.016 16. 0 .63 0.74 4.5 0.75 

4Ba 0.030 16. 0.63 1.2 7 .5  . 1.2 

2 . 1  
3,4 
5.6 

4F 0.64 0.25 1.0 0.040 19. 0.75 1.0 6.3 0.99 4 . 5  



Table B-6 
S l o t  Cutting Tes ts  on Berea Sandstone w i t h  Mud 

C A V I J E e  Nozzle Size  and Type: 6.2 mm 0.244 in. , Carbide, Plain, 

Bet' ' tng Plane, except as noted 
1 Standoff: 2.1 cm 0.812 in. t 

Rock Type: Berea Sandstone-Parallel t o  

Mud FJeight: 1.1 gm/cm3 (9.3 lbs/gal) nominal 
Each Run: <1. Revolution 

RLUl 
No . in/sec 

Submerged 

- v  

mm in .  mm in. 

Volume Revoval Volume Removal Effec- I Velocity, v I h' 1 Rate, V I tiveness, e2- 
Translation Mean Depth 

15B 
15A 

0.64 0.25 0.23 0,009 19 0.75 0.23 1.4 0.29 1.3' 
1.3 0.50 0.15 0.006 19 0175 0.31 1.9 0.40 1.8 

1 

0.25 0.48 

0.25 0.74 
0.25 0.53 

1.0 0.74 

Tozzle Pressure: 12.4 MPa (1.80 k s i ) ,  Ambient Pressure: 2.07 MPa (0.30 k s i ) ,  o = 0.17.. I 
0.019 

0.029 
0.021 

0.029 
I 

0.64 
0.64 
0.64 
2.5 

3.3 
3.3 . 

4.5 
20. 

0.53 2.4 
0.53 2.4 
0.70 3.2 
3.1 14 . 5 

21 

19 
19 
21 

0.81 
0.75 

0.81 
0.75 

0.54 
0.54 
0.74 
3 0'3 

*Normzl t o  Bedding Plane. 



. 

c. 
00 
W 

Table 0-7 

Slot Cutting Tests on Berea Sandstone, with Water 

CAVIJET Nozzle 'Size and Type: 

Rock Type: 

6'.2 m (0.244 in.), Carbide, Plain, 
Submerged 

Berea Sandstone - Parallel to Bedding 
Plane, except as noted 

Standoff: 2.1 CUI (0.812 in.) 

Each Run: e 1 revolution 

Translation. Mean Depth Mean Width Volume Rpmoval 1 Volume Removal Effec- I Velocity, v I h', I W '  I Rate, V tiveness, e:, 

Nozzle I 

3E 
3D 
3F 
3c 
2c 
2D 
2E 
2Ba 
3Aa 
3Ba 
2Aa 

essure : 

1.3 
2.5 
2.5 
3.8 
3.8 
3.8 
3.8 
7.6 
7.6 
15. 
15. 

Nozzle Pressure: 

10.3 MPa (1. 

0.50 2.8 
1.0 2.8 
1.0 2.3 
1.5 1.9 
1.5 1.4 
1.5 2.2 
1.5 1.5 
3.0 6.1 
3.0 4.6 
6.0 3.3 
6.0 1.8 

0 k s i ) .  AE 

0.11 18 
0.11 18 
0.090 16. 
0.075 16. 
0.055 13. 
0.085 13. 
0.060 13. 
0.24 '. 22. 
0.18 22. 
0.13 22. 
0.070 18. 

lent Pressure: 

0.69 5.1 
0.69 10. 
0.63 7.4 
0.63 9.2 
0.50 5.1 
0.50 7.9 
0.50 5.6 
0.88 87. 
0.88 65. 
0.58 95. 
0.69 39. 

LJLM&& 
31. 
61. 
45. ' 

56. 
31. 
43. 
34. 
530. 
394. 
581. 
236. 

6.4 
12. 

12. 
9.2 

6.4 
9.9 
7.0 

109. 
81. 
119. 
49. 

90.40 

29. 
57. 
42. 
53. 
29. 
45. 
32. 
495. 
368. 
543. 
221. 

.12.4 MPa (1.80 k s i ) . ,  Ambient Pressure: 2.07 MPa (0.30 ksi), 0~0.17 

5Aa I 2.5 I 1.0 I 17. 10.65 119. I 0.751 67. I 406. 1 64. I 290. 

Xozzle Pressure: 11.4 MPa (1.65 ksi), Ambient Pressure: 2.41 MPa (0.35 k s i ) ,  ~ ~ 0 . 2 1  

5Ba 2.5 ' 1.0 14. 0.57 22. 0.88 70. 428. 76. ,348. 

a - Normal to Bedding Plane 



~ ..... . . . .  . . .  ~. _ _  .-. ___..-..I ..... ". ... . 

No. 
RUn 

Table B-8 

cm3 lo-l in.3 in/sec mm in .  mm lo+' k-1 hp-rhr in .  10- - sec 
1 cm3 10-3 

sec 

S l o t  Cut t ing  Tests on Georgia Granite 

12B 0.64 0.25 0.28 0.011 13. 0..50 0.16 1 .0  

13A 0.64 , 0 .25  0 .30  0.012 13. 0.50  0 .1s  1.1 

CAVIJET Yozzle S i z e  and Type: 6.2 mm (8.244 in . )  Carbide,  P l a i n ,  
Submerged 

Georgia Granite - P a r a l l e l  t o  Bedding 
Plane 
1.1 gm/cm3 ( 9 . 3  l b s / g a l . )  nominal 

S tandoff :  2 .1  cm (0.812 in . )  
Rock Type: 

Mud Weight: 
Each Run: Approximately 10 r evo lu t ions  

0.16 

0.17 

I Volume Removal Effec- 
tiveness, eTr 

Translation Mean Width Volume Removal 
Velocity, v l w  I Rate, V 

Nozzle Pressure: 12 .4  W a  (1.80 k s i )  , Ambient Pressure :  2 .07 MPa (0.30 k s i )  , a=0.17 

0.71 I 
0.79 I 

d 



c 

Apparent 
Density Viscosi ty  

g.?/cm3 
( lb /ga l )  Centipoise 

c a l  Min Max c a l  Min Max 

1.1 1.10 1.12 

Typi-  Typi- 

12 9 1 9  
(9.3) 9-19 9-34 

1.3 1.3 1.3 
110.5) ( 10.5) ( 10.5) 
1.4 1.4 1.4 

18 18 18 

24.5 24 25 :11.9> (11.9) (11.9) 

&i 1 

P l a s t i c  ' Temper-\ 
Viscosi ty  Yield Point  Mean Gel a t u r e  

kPi kPa 
Centipoise (lb/100 f t 2 )  (lb/100 f t 2  ) C 

TYPi- Typi- I 10 (" 7) 
c a l  Min Max c a l  Kin Max I n i t i a l  Mimte 

I 
29 i4 48 5 43 28-46 

(6)  ( 3 )  (10) 1 * (1) ( 9 )  (83-1191 10 7 15 

38 138 38 12 81  31 

81 81 81 53 192 32 

I 

(8 )  I ( " )  (8) (2.5) (17) (88) 

(17) [ "7)  3 7 )  (111 , (GO) ( 9 0 )  

14 14  14 

16 16 16 
\ 

Table B-9 
Propert ies  of Mud* Used i n  Stationary-Nozzle and 

Slot-Cutting Tests  a t  KYDRONAUTICS 

Water-based mud, with b a r i t e  (ML/Baroid: Marine BAROID@) weighting addi t ive,  
(2 

and bentoni te  (NLDaroid: Marine AQUAGEL ) as the  v i scos i ty  addi t ive .  
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APPENDIX C 

ESULTS FROM DRILL BTT TESTS 
AT DRL , 

a 

1) 

W 

193,194 





5 c % *- c' c 

TABLE C-1 . .  

DRILL BIT TEST RESbLT.5 FOR COLTON SAhXJSTONE: 
SMITH TOOL COMPANY NOZZLES 

I 

itock type: Colton sandstone 
Nozzle: Smith Tool Cornpany,6.4 m. (0.25 in.) diameter , 

Bit: 20 cra (7-718 in.) dia.. two cone, Smith TooLCompany, Type A-1  
1 , '  Series: 3rd. Tes(t: $3 



1 

XC . 

- 
1 

2 

3 

b 

5 

6 

7 

E 

9 

10 

11 

23 

I:! 
I& 

15 

16 - 

MF'a 

12.7 

12.7 

12.7 

12.0 

psi 

1840 

1850 

1840 

1740 

hp 

109 

110 

114 

101 

109 

106 

151 

158 

157 

158 

162 

56 

67 

66 

G4 

75 

I 

ml 
kw -hr 
17.2 

17.6 

17.2 

17.2 

15.5 

18.4 

17.2 

14.7 

18.8 

16.3 

15.5 

42.1 

35.9 

39.6 

33.1 

26.1 

44.8 

W.7 

45.3 

45.7 

46.6 

44.5 

44.5 

43.5 

47.1 

45.7 

48.8 

44.5 

44.5 

44.5 

10,100 0.38 

10,050 0.40 

10,200 0.38 

10,308 0.39 

10,500 0.39 

10,000 0.42 

10,000 O.b3 

9.800 0.42 

10,500 0.43 

10,300 0.43 

11.000 C.32 

10.000 0.33 

10.000 0.34 

10,000 0.33 

I 

12.4 

12.3 

1800 

1780 

TABLE C-2 
DRILL BIT TEST RESULTS TOR COLTON SANDSTONE: 

PLAIN CAVIJET NOZZLE 
Rock Type: Colton sandstone 
Nozzle: Plain CAt'IJET,6.4 arm (0.25 in.) diameter 
Series: 3rd, Test: f4 
Bit: 20 cm (7-718 in.) two cone, Smith Tool Co.. Type A-1 
Bit Weight: 44.5 kN (10000 lb) (Nominal) 
Standoff distance: 1.6 cm (0.62 in.) 

- 
MUD 
rEilP 

OC 

46 

47 

47 

bS 

50 

54 

56 

57 

58 

60 

62 

64 

61 

61 

62 

63 

- 
- 

- 

DRILLIXG I RATE 
POWER EFFECTIVZIiESf 

AOZZLE 
WEIGHT I FLOV PATE 

307,ZLE 
OXESSCRE 

TOTAL 
FLO'J RATE - 

psi 

2350 

2360 

2510 

2770 

3820 

4630 

2850 

3310 

3420 

4400 

5470 

1620 

1899 

2250 

3260 

4410 

- 

- 

- 
PS i 

510 

510 

670 

1939 

?020 

3050 

540 

900 

1010 

2020 

3060 

503 

600 

990 

2000 

3000 

- 

- 

- 
gpm 

240 

240 

250 

250 

290 

300 

270 

2 80 

290 

320 

340 

200 

210 

230 

240 

270 

- 

- 

- 
ftlhr 

4.6 

4.7 

4.8 

4.2 

4.2 

4.8 

6.3 

5.7 

7.2 

6.4 

6.2 

5.8 

5.9 

6.4 

5.2 

4.8 

- 

- 

- 
kw 

- 
hp-hr O-:ftI 

4.2 

4.3 

4.2 

4.2 

3.8 

4.5 

4.2 

3.6 

4.6 

4.0 

3.6 

10.3 

8.S 

9.7 

8.1 

6.4 - 

- 
Pi? a 

15.2 

16.3 

17.3 

19.1 

26.4 

z3.3 

L0.G 

22. 8 

23.6 

30.4 

37.7 

11.2 

13.0 

15.5 

22.5 

30.4 

- 

- 

- 
PlPa - 
3.5 

3.5 

4.6 

7.1 

13.9 

2i.O 

3.8 

6.2 

7.0 

14.0 

21.1 

3.4 

4.1 

6.8 

13.8 

20.7 -- 

- 
my Imin 

0.31 

0.91 

0.93 

0.96 

1.10 

1.15 

1.01 

1.07 

1.09 

1.22 

1.29 

0.77 

0.80 

0.87 

0.93 

1.02 

- 
- 
m!hr 

1.4 

1.4 

1.5 

1.3 

1.3 

1.5 

1.9 

1.7 

2.2 

2.0 

1.9 

1.8 

1.8 

2.0 

1.6 

1.5 

- 

- 

86 

82 

85 

75 

61 

79 

112 

11s 

117 

118 

121 

42 

50 

49 

48 

56 - 

10 2 

106 

99 

104 

192 

112 

113 

112 

11.5 

115 

86 

88 

90 

87 

15.3 

16.6 

16.6 

16.4 

16.7 

7.8 

8.9 

8.7 

8.7 

2300 

2410 

2400 

2380 

2420 

1130 

1300 

1260 

1270 

9.7 I 1410 

c L * L II 
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TABLE C-4 

SMITH TOOL COKFAXY NOZZLES 
DRILL BIT TEST RESULTS FOR INDIANA LINESTONE: 

Rock type: Indiana Limestone 
nozzle:  
S e r i e s :  '4th. Test: a1 * 

B i t : .  20 cm (7-7/8 in . )  two cone. Smith Tool Go., Type A-1 
B i t  weight: 22.2 kN (5,000 lb)(nominal) 
Standoff d i s t ance :  1.6 cm (0.62 in.) 

S m i t h  Tool Conpany,6.4 m (0.25 in . )  diameter 

SWIVEL 
PRESSURE 

MIBIEt<T 
PRESS URZ 

TOTAL 
FLOW RATE 

RATE OF 
PENETRATION 

BIT 
WEIGHT 

NOZZLE 
FLOW RATE 

DRILLIWG 
RATE 

EFFECTIVEXESS 
liw 
;:o . NOZZLE 

PRESSURE POWER - 
P s i  
1730 

1730 

1880 

2210 

3200 

4170 

2290 

2480 

2820 

3890 

6860 

2870 

3270 

3710 

6380 

- 
- 

Psi. 
5@0 

500 

650 

990 

1970 

2980 

460 

660 

1020 

2040 

3020 

500 

840 

980 

2000 

- 

- 

- 
P s i  
1220 

1220 

1230 

1220 

1230 

1190 

1830 

1820 

1600 

1850 

1830 

2370 

2420 

2420 

2370 

- 

- 

- 
gPm 
199 

190 

191) 

200 

2 10 

200 

230 

230 

240 

250 

260 

260 

280 

280 

290 

7 

- 

- 
f t / h r  

- 
l b  

- 
XPa 

3.5 

3.5 

4.5 

6.9 

13.6 

20.6 

3.2 

4.6 

7.1 

14 .1  

20.9 

3.4 

5.8 

6.8 

13.8 

- 
- 

NPa 

8 .4  

8 .4  

8.5 

8.4 

8 .5  

8 . 2  

12.6 

12.6 

12.4 

12.8 ' 

12.6 

16.3 

16.7 

16.7 

16.4 

- 

- 

- 
n'lmin 

0.73 

0.73 

0.73 

0.76 

0.79 

0.76 

0.88 

0.88 

0.89 

0.95 

0.98 

0.98 

1.05 

1.05 

1.09 

- 

- 

- 
mlhr 

2.0 

2.3 

2;1 

1 .5  

0.5 

0.2 

5.0 

4.0 

3.2 

2.8 

4.6 

7.5 

6.6 

7.5 

7.2 

- 

- 

- 
kw 

70 

70 

71 

70 

71 

64 

126 

127 

123 

127 

126 

185 

162 

196 

187 

- 

- 

- 
m/ 

kw-hr 

28.7 
- 
32.2 

30.1 

21.8 

6.4 

3.8 

39.8 

31.7 

26.3 

21.8 

36.2 

40.5 

34.0 

38.5 

38.6 

\ 

7 

10-2 f t /  
hp-hr 

7.0 

7.9 

7.4 

5 .4  

1.6 

0.9 

9.7 

7.8 

6.4 

5.3 

8.3 

9.9 

8 .3  

9.4 

9.5 

O C  kN m'lmin hP 
94 

94 

95 

93 

95 

85 

168 

170 

165 

171 

169 

248 

217 

262 

250 

- 

- 

gPm - 
132 

132 

132 

132 

132 

123 

158 

159 

157 

158 

$58 

180 

185 

185 

181 - 

XPa 

11.9 
- 
11 .'9 

13.0 

15.3 

22.1 

28.8 

15.8 

17.2 

19.5 

26.8 

33.5 

1?.8 

22.5 

25.6 

30.2 

- 
1 

2 

3 

4 

5 

6 

7 

8 

9 

io 
11 

12 

1 3  

14 

15 - 

6.6 

7.4 

7.0 

5 . 0  

1.5 

0.8 

16.4 

13.2 

10.6 

9 .1  

15.0 

24.6 

21.8 

24.7 

23.7 - 

3 1  

32 

33 

35 

37 

41 

43 

44 

46 

49 

56 

56 

59 

60 

64 - 

22.2 

22.2 

22.2 

22.2 

22.2 

22.2 

22.2 

22.2 

22.2 

22.2 

22.2 

22.2 

22.2 

22.2 

22.2 - 

5000 

5000 

5000 

5000 

5000 

5000 

5000 

5000 

5000 

5000 

5000 

5000 

5000 

5000 

5000 - 

0.50 

0.50 

0.50 

0.50 

0.50 

0.47 

0.60 

0.60 

0.59 

0.60 

0.60 

0.68 

0.70 

0.70 

0.69 

c 4 4 



c 

17.0 

19.3 

26.2 

33.1 

19.8 

22.3 

23.5 

30.3 

37.4 

e 
¶ 

2L60 

2750 

3800 

4803 

2830 

3230 

3400 

4390 

5420 

221 

226 

238 

3.3 

2.5 

1.4 

c 

TABLE C-5 
DRILL BIT TEST RESULTS FOR INDIANA LIMESTONE: ., SMITH TOOL COMPLW NOZZLES 

Rock t y p e :  Indiana Limestone 
Nozzle: 
Series: 4ch, T e s t :  1 2  

Srnith T o o l  Company,6.4,mm (0.25 in.) diameter 

Bit: 
B i t  weight: 22.2 itN (5000 lbs)(nominal) 

20 cm (7-718 in.) two cone, Smith T o o l  Co., Type A-1 

in.) 
I 

3.8 cm (1.1 

NOZZLE 
PMSSURE 

ff distanci 

AXEIENT 
PRESSUFS 

7. 
'EXESS 1 

- 
RUS 
NO. 

- 
1 

2 

3 

4 

5 
6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 - 

R - 
hP 
93 

8& 

89 

82 

E5 

82 

160 

155 

15 2 

151 

156 

231 

233 

2&0 

232 

242 

- 

- 

TE - 
gPm 
124 

121 

12L 

120 

124 

120 

150 

148 

167 

146 

1L8 

- 

168 

170 

177 

169 

172 - 

OF 
ATICG - 
ftjhr 
4.5 

4.9 

5.3 

3.4 

1.2 

1.3 

10.9 

10.7 

8.3 

4.5 

3.1 

20.2 

19.9 

2&. 9 

18.7 

23.3 

- 

- 

P 0' - 
kw 

69 

63 

66 

61 

6& 

62 

119 

115 

113 

112 

li 7 

172 

I74 

179 

173 

161 

- 

- 

. x o z i  
FLVi 

m3 /=in 

0.&7 

0.46 

0.47 

0.46 

0,47 

0.45 

0.57 

0.56 

0.56 

0.55 

0.56 

0.64 

0.64 

0.67 

0.64 

0.65 

- 
hi I - 

k N  

22.2 

22.2 

22.2 

22.2 

22.2 

22.2 

22.2 

22.2 

22.2 

22.2 

22.2 

22.2 

15.5 

15.5 

15.5 

22.2 

- 

- 

!T - 
lb 
5030 

5000 

5000 

5000 

5000 

5000 

5000 

503G 

5000 

5000 

5600 

5030 

3500 

3500 

3500 

5000 

- 

- 

FL0:q 

n3 /min 

0.69 

0.67 

0.70 

0.70 

0.76 

0.76 

0.83 

0.84 

0.86 

0.90 

0.95 

0.94 

- 

o.ga 

1.00 

1.04 

i. 10 

- 
M?a 

3.7 

3.6 

4.5 

7.0 

13.8 

20.8 

3.4 

4.6 

7.0 

14.0 

20.7 

3.6 

6.1 

6.9 

14.1 

20.7 

- 

- 

- 
?Si 
5 30 

520 

660 

1020 

2000 

3010 

490 

6 70 

1020 

2030 

3000 

5 20 

860 

1000 

2043 

5000 

- 

- 

- 
Psi 
1280 

,1200 

- 

1230 

1170 

1180 

118G 

1830 

1800 

1780 

1760 

1800 

2350 

2350 

2400 

2360 

2420 - 

- 
ma 
8.8 

8.2 

8.5 

8.1 

8.2 

8.2 

12.6 

12.4 

12.2 

12.2 

12.4 

16.2 

16.2 

16.6 

16.2 

16.7 

- 

- 

f t l  

1.4 I 
I 

6.8 1 
6.4 

5.5 

3.0 

2.0 

6.6 1 

9.6 

O C  

33 

35 

35 

36 

38 

42 

40 

41 

43 

- 
19.8 

25.6 

24.4 

17.0 

5.7 

6.4 

27.9 

28.3 

22.3 

13.2 

8.1 

55.7 

34.9 

42.4 

32.9 

39.3 - 

L6 

50 

51 

52 

54 

57 

62 - 
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32 . 
32 

37 

37 

35 

39 

62 

43 

43 

44 

45 

47 

52 

83 

60 

58 

61 

95 

89 

81 

78 

82 

127 

119 

TABLE C-7 
DRILL BIT TEST RESULTS FOR IhQIANA LLXESTOhl:: 

CENTERBODY CAVIJET NOZZLES 

Rock type: Indiana Limestone 
Nozzle: 3.2 mu (0.12 in.] Centerbody CAVIJET,6.4 (0.25 in.) diameter 
Series 4th. Test: #4 
Bit: 
Bit weight: 
Sta2doff distance: 1.6 cm (0.62 in.) 

20 cm (7-718 in.) two cane, Smith Tool  Co., Type A - 1  
22.2 kN (5000 lbs)(nominal) 

- 
MUD 
E 

O C  

36 

38 

38 

39 

42 

45 

48 

50 

47 

48 

- 

49>, 

51 

54 

57 

56 

57 

58 

6 1  

65 

65 

68 - 

sw 
PREl - 
MPa 

11.8 

11.9 

12.8 

15.2 

22.6 

29.0 

33.2 

37.5 

16.0 

16.9 

19.6 

19.6 

33.0 

37.1 

20.4 

22.4 

23.5 

30.4 

37.3 

33.6 

36.9 

- 

DRILLIXG 
RITE 

:FFECTIVENESS . NO1 
PREI - 

MPa 

.E 
E 

Psi 

1200 

1210 

1160 

1170 

1250 

1240 

1260 

1360 

1810 

1780 

1770 

1790 

1710 

1760 

2410 

2350 

2380 

2350 

2400 

1820 

1820 

- 

- 

% 

gP* 

122 

122 

124 

130 

147 

155 

151 

157 

148 

149 

155 

170 

179 

1S7 

172 

175 

179 

192 

204 

I87 

194 

- 

- 

RLT 
NO. 

?EL 
jURE 

Psi 

LENT 
SURE 

psi 

510 

510 

’ 600 

1040 

2020 

29 70 

3550 

4070 

510 

670 

1070 

2050 

3070 

3620 

5 50 

890 

1020 

2060 

3010 

3050 

3520 

- 
- 

- 

RAT 

mlhr 

1.7 

1.5 

1.0 

0.3 

0.2 

0.4 

0.8 

1.4 

5.9 

4.8 

3.2 

2.4 

4.0 

4.4 

6.0 

4.5 

4.4 

4.0 

3.6 

3.7 

3.5 

- 

- 

TE 
g?n 

65 

65 

64 

64 

67 

68 

64 

65 

75 

77 

76 

78 

78 

79 

91 

87 

88 

88 

69 

83 

82 

- 

- 

AE 
PR 

XPa 

3.5 

3.5 

4.1 

7.2 

14.0 

20.5 

24.5 

28.1 

3.6 

4.6 

7.4 

14.2 

21.2 

24.9 

3.8 

6.2 

7.1 

14.2 

20.8 

21.0 

24.2 

- 
- 

- 

B 
WE1 - 
kN 

22.2 

22.2 

20.0 

20.0 

22.2 

22.2 

22.2 

22.2 

22.2 

22.2 

22.2 

20.0 

20.0 

20.0 

24.4 

20.0 

20.0 

22.2 

20.0 

22.2 

22.2 

- 

- 

TOT, 
FLOW 1 

m’/min 

0.46 

0.46 

0.47 

0.49 

0.56 

0.59 

0.57 

0.59 

0.56 

0.56 

0.59 

0.64 

0.68 

0.71 

0.65 

0.66 

0.68 

0.73 

0.77 

0.71 

. 0.73 

- 

- 

NO22 
FLOW ! 

m /nin 

T 
lb 

5000 

5000 

4500 

4500 

5000 

5000 

5000 

5000 

5000 

5000 

5000 

4500 

4500 

4500 

5500 

4500 

4500 

5000 

4500 

5000 

5000 

- 

- 

- 
ra/ 
w-hr 

49.3 

44.6 

31.4 

9.4 

5.84 

10.8 

24.3 

35.5 

95.0 

81.3 

55.2 

39.8 

68.7 

72.7 

63.2 

50.4 

48.9 

44.2 

38.3 

53.9 

56.7 - 

Lo-% ft/ 
hp - hr 
12.1 

10.9 

7.7 

2.3’ 

1.4 

2.6 

5.9 

6.7 

23.3 

19.5 

13.5 

9.7 

16.8 

17.8 

15.5 

12.3 

12.3 

10.6 

9.4 

13.2 

13.9 

ft/hr 

5.5 

5.0 

3.3 

- 
1 * 

2 

3 

4 

5 

6 

7 

a 
9 

10 

11 

12’ 

13 

14 

15 

16 

17 

1s 

19 

20 

21 - 

1710 

1720 

1850 

2210 

3270 

4210 

4810 

5440 

2330 

2450 

2840 

2840 

4780 

5360 

2960 

3240 

3400 

4400 

5410 

4860 

5340 - 

8.3 

8.3 

6.0 

8.1 

8.6 

8.5 

8.7 

9.4 

12.5’ 

12.3 

12.2 

12.3 

11.8 

12.2 

16.6 

16.2 

16.4 

16.2 

16.6 

12.5 

12.6 - 

0.25 

0.25 

0.24 

0.24 

0.25 

0.25 

0.24 

0.25 

0.30 

0.29 

0.29 

0.29 

0.30 

0.30 

0.34 

0.33 

0.33 

0.33 

0.34 

0.31 

0.31 

1.0 

0.7 

1.3 

2.8 

4.5 

19.4 

15.8 

10.6 

7.9 

13.1 

14.5 

19.7 

14.7 

14.6 

13.0 

11.7 

12.0 

11.6 - 
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